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Ah c t rn p1. 
This thesis is concerned with an experimental investigation of the 
mechanisms of the various chromosome banding techniques. 
In Chapter 1, the history of the development of the various banding 
techniques is outlined, the evidence on the structure of metaphase chromo-
somes and its relationship to chromosome banding is discussed, and ideas 
on the mechanisms of the various banding techniques, and of Giemsa stain-
ing of chromosomes, are discussed in detail. A final section describes the 
rationale behind the experiments described in the thesis. The following 
questions were posed: a) what is the basic system upon which the banding 
techniques act? ; b) what sorts of mechanism of chromosome banding are 
most likely to be valid; and c) is C-banding solely a result of differential 
DNA extraction? 
In Chapter 2, experiments designed to estimate the protein: DNA 
ratio of fixed human metaphase chromosomes by micro interferometry and 
equilibrium density gradient ultra c entr ifugat ion in Metrizamide are described. 
It is concluded that fixed chromosomes have a protein: DNA ratio of between 
1. 26 1 and 2: 1, and therefore contain more protein than !d ehi ston ized! 
chromosomes. 
In Chapter 3, the effects of extracting various fractions of chromo-
somal proteins on the production of banding patterns is considered. It is 
concluded that a fraction of the nonhistone chromosomal proteins associated 
with the chromosomal DNA, and extracted from chromosomes by dehisto-
nization and treatment with 0. 10 M and 4 M sodium chloride and 0. 1 M sodium 
ix 
deoxycholate, but not by 0. 05 M sodium deoxvcholate, is essential for the 
production of G-banding. These proteins are probably denatured by fixation 
in 3:1 methanol/acetic acid. 
In Chapter 4, investigations of the distribution of protein in banded 
chromosomes using a variety of protein-specific fluorochromes are described. 
It is concluded that banding patterns do not reflect the pattern of distribution 
of protein produced in chromosomes by banding procedures. It is also noted 
that all the banding procedures investigated in this Chapter produced chromo-
some collapse. 
In Chapter 5, the effects of crosslinking agents on the production of 
banding patterns are described. Crosslinking agents have effectivenesses 
related to the efficiency with which they produce crosslinks, rather than to 
the types of crosslink (protein-protein or protein DNA) that they produce. 
Q-banding is less easily affected, and trypsin 0-banding more easily affec-
ted, than the other banding techniques. It is concluded that conformational 
changes within the chromosome are essential if banding patterns are to be 
produced, but that it is not possible to distinguish between the Sumner & 
Evans (1973) and Comings & Avelino (1975) models of chromosome banding 
from these experiments. 
In Chapter 6, the mechanism of C-banding is discussed in detail. 
It is suggested that C-banding is produced as follows: hydrochloric acid 
treatment of chromosomes produces depurination of a fraction the DNA. 
The DNA is then labilized by alkaline hydrolysis during alkali treatment, 
and about 50% of it is extracted, uniformly, from the chromosome. During 
salt incubation, differential extraction of DNA occurs, preferentially from 
N 
the non-C-hand regions, primarily as a result of the disruption of salt links 
between DNA and chromosomal proteins. However, a number of lines of 
evidence suggest that this simple mechanism cannot account for all the data. 
In Chapter 7, the findings described in the preceding Chapters are 
put in the context of the mechanisms of the various banding procedures, and 
some suggestions are made for future lines of investigation. 
Xi 
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Chapter 1 Introduction 
1-1 : A Short History of 13anding Techniques 
JJ 
The traditional method of staining chromosome preparations was to 
use aceto-orcein (Culling, 1963) which showed up metaphase chromosomes 
clearly but stained them completely uniformly (fig 1-1). Using this staining 
technique, it proved possible to establish that the normal diploid human 
chromosome number is 46 (Tjio & Levan, 1956; Ford & Hamerton, 1956) 
and to make certain basic observations such as the association of Down's 
syndrome ('Mongolism') with the presence of an extra chromosome 
(Lejeune et al, 1958-1959). However, the nomenclature that was finally 
settled on for aceto-orcein stained chromosomes (see Chicago Conference, 
1966) shows up the weaknesses of the techniques available at the time. 
While the human chromosomes could be classified into seven groups 
(A to G) on the basis of size, and certain chromosomes could be identified 
on the basis of a combination of size and centromere position, it was not 
possible to identify many of the chromosomes unambiguously. 
It was also not possible to identify the positions of breaks or translocations, 
or often the identity of extra chromosomes. Problems of chromosome 
Identification in other species, for example the mouse (Welshons, 1964), 
were even greater because of the large number of many similar acrocentric 
chromosomes in the mouse karyotype. Although a number of attempts were 
made to identify individual chromosomes (Chicago Conference, 1966), the 
techniques introduced to do this, such as autoradiography of 
311-thymidiae incorporation at different stages of the cell cycle, were only of 
limited accuracy and were too time consuming for routine cytogentic use. 
Table 1-1 : Fluorochromes and the Banding Patterns They Produce 
Reference Dye Type of Banding 
Caspersson et al (1968) quinacrine mustard Q 
Caspersson et al (1969a) quinacrine Q 
propyl quinacrine 
mustard Q 
'FLU 21' (acridine) Q 
'FLU 22' 	acridine) Q 
'FLU 23' 	acridine) Q 
'FLU 24' 
(1, 2 benzacridine) Q 
'FLU 25' 
(bisbenzimidazole) Q 
Caspersson et al (1969b) proflavine Q 
acrifiavine Q 
ethidium bromide Reverse Q 
Salamanca et al (1972) chlormetacrine Q 
Hiiwig & Gropp (1972) Hoechst 33258 C 
Natarajan et al (1973) Hoechst 33258 Q' 	or 	C2 
Table 1-1 (continued) 
lin & van de Sande 
Schweizer (1976) 
Schnedll et al (1977a) 
Schnedl et al (1977b) 
van de Sande et al (1977) 
Schweizer et al (1978) 
daunomycin 	 Q 
adriamycin 	 Q 
chromomycin/DAPI 3 	 H 
DIPI3 	 Q 1 
DAPI 	 Q  
mithramycin 	 Reverse Q 
chromomycin 	 H 
distamycin/DAPI 	 C 4 
1 the banding pattern produced resembled Q-banding, but there were 
some small differences. 
2 
C- or Q-banding could be obtained, depending on conditions. 
DAPI :4' -. 6 - diamidine - 2 - phenylindole; 
DIPI;4' - 6(2' imidazolynyl - 4' - 5' - H) - 2 - phenylindole. 
Centromeric regions of human chromosomes numbers 1, 9, 16, 
long arm of Y and band p11 of number 15. 
fig 1-2 
1-2 	Human Q-banded karyotype 
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1 -1 . 	 Banding 
In 1968, Caspersson et al (1968) demonstrated that when plant 
(Vicia faba, Trillium erectum) and Chinese hamster chromosomes were 
stained with the fluorescent alkylating agent quinacrine mustard, sharp, 
brightly fluorescent transverse bands could be seen by fluorescence 
microscopy. Applications of this technique (which became known as 
Q-banding; Paris Conference, 1971) to human chromosomes showed 
similar patterns (Caspersson et al 1969b; 1970a; fig 1-2) which allowed 
the identification of all the human chromosomes (Caspersson et al., 1970b) 
and allowed the identification of a specific human 'B group' chromosome 
involved in 'Cri du Chat' syndrome (Caspersson et al, 1970c). 
Investigations with other fluorochromes (see section 1-3. 1), mainly in 
plants, showed that many other fluorochromes were capable of showing 
similar patterns of transverse bands to those shown by quinacrine 
(Caspersson et al, 1969a,b), although ethidium bromide produced a 
fluorescence pattern complementary to that seen with other fluorochromes 
(Casperseon et al, 1969b), also in plants. Subsequently, a number of 
other fluorescent, DNA binding compounds were shown to produce banding 
patterns in chromosomes, not all of them identical to those produced by 
quinacrine mustard. These are listed in table 1-1. 
1 -1 . 3 :Ile Introduction ngThniques 
At about the same time that Caspersson and his colleagues were 
studying the pattern of fluorescence in chromosomes stained with quinacrine 
mustard, other workers were investigating the distribution of satellite DNA 
using procedures for in situ hybridization of nucleic acids to chromosomes 
(Jones, 1970; Pardue & Gall, 1970). In the course of their work, 
fig 1-3 
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1-4 	Human B-banded karyotype 
I 	• 
t 	 S 
MR 
= 	
3 	 4 	5 
	
St 	1 !c it U 
6 	7 	8 	9 	10 	11 	12 	X 
It 
13 	14 	15 	 16 	 17 	18 
19 	20 	 21 	22 
3 
Pardue & Gall (1970) noticed that, when chromosomes were stained with 
Giemsa, the centromeric regions of mouse chromosomes took up 
noticeably more stain, as well as being the site of most of the 
hybridization. 
The procedure used by Pardue and Gall (1970) was a complicated one, 
consisting of alkaline treatment with 0. 07 sodium hydroxide, incubation 
with radioactive RNA solution at 60 0 C, and subsequent treatment with 
BNase. Subsequently, this procedure was modified, and simpler 
centromeric banding (C-banding; Paris Conference, 1971) techniques 
were developed. Arrighi and Hsu (1971) were able to show up centromeric 
r;ions more clearly by introducing an acid (0.2 M hydrochloric acid) 
treatment stage. By omitting J3Nase treatment compietly and 
substituting barium hydroxide for sodiim hydroxide, Sumner (1972) produced 
a technique that was suitable for routine cytogenetic use (fig 1-3). 
Yunis et al (1971) introduced a C-banding procedure that consisted only of 
sequential salt incubation steps. 
Introduction c-Banding Techniques  
The C-banding procedure of Yunis et al (1971) employed successive 
treatments at 85-100 0C and 65 0 C in 0.06 M phosphate buffer (pH 6. 8), 
Om supposedly to denature and renature chromol DNA. By omitting the 
final steps and allowing slides to cool from 88 0 C to room temperature 
slowly, Dutrillaux and Lejeune (1971) were able to show a pattern of Giemsa 
staining along the lengths of human chromosomes which were approximately 
complementary to the pattern obtained with quinacrine (fig 1-4). 
This pattern became known as B-banding (Paris Conference, 1971). 
fig 1-5 
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Table 1-2 Production of Banding Patterns by Reagents in Vivo 
Reference 	 Reagent 	
Banding 
Type 
Shafer (1973) actinomycin D (AMD) G 
Hsu et al (1973) ethidiurn bromide (EB) B 
nogalamycin B 
daunomycin uncertain1' 2 
Azure B G 
cytoxan uncertain 
AMD/EB uncertain 
Meisner et al (1973) tetracycline G 
Popescu &Di Paulo (1974) Hydroxyurea G 
Di Paulo &Popescu (1974) T, 12- 
dimethyibenz (a)anthracene G 
benz(a)pyrene G 





4 -nitroqu inol ene-1 -oxide G 
Ward & Young (1974) ethylmethanesulphonate G 
Kitchin & Loudenslager (1976) methylmethanesuiphonate G 
m ethylethanesulphonate G 
Bonne (1977b) cycioheximide G2 
Sandermann &Bnne (1977) fucidin G2 
RØnne & Anderson (1978) 5-fluorouridine G2 
1 G-banding was observed by BØnne  (1977a) 
2 chromosome uncoiling was also produced by these reagents, (B$nne 
1977c) as it was by }3Nase (Rnne, 1977d). 
4 
Subsequent investigations showed that, after similar treatments to those 
used by Dutrillaux and Lejeune (1971),a similar banding pattern could be 
produced using acridine orange Bobrow et al, 1972a; Verma & Lubs, 
1975). A more reproducible Giemsa B-banding procedure, using 1M 
NaH2PO4 solution at pH 4. 0 to 4. 5 and 88 0 C, was later developed by 
Sehested (1974). 
t 	The Introduction of G-BandingTechni ue 
The other main types of banding procedures are the G-banding 
procedures (Paris Conference, 1971), which produce Giemsa staining 
patterns similar to the Q-banding patterns produced with quinacrine 
(fig 1-5; of fig 1-2). The first reported G-banding procedure was that 
of Finaz and de Grouchy (1971), who treated chromosomes with a solution 
of o'. -chymotrypsin. This enzymatic approach was followed up by a 
number of workers, using different enzymes (Dutrillaux et al, 1971; 
Seabright, 1971; Muller &Bcsenkranz, 1972; Sun et al, 1973), of 
which the most popular became that of Seabright (1971), using trypsin. 
At about the same time, it was found that modifications of the C-banding 
procedures (Arrighi & Hsu, 1971; Yunis et al, 1971) could also result in 
fine banding patterns similar to the Q-banding patterns. Drets & Shaw 
(1971) and Schnedl (1971) produced G-banding patterns by using procedures 
which consisted only of mild alkaline treatment with 0. 07 M NaOH 
followed by salt incubations. Sumner et at (1971) simplified the procedure 
even further by using only incubation in 2xSSC at 60 0 C. Subsequent 
investigations showed that G-banding could be produced by a large number 
of pretreatments including suiphydryl reduction (Utakoji, 1973), high pH 
staining solutions (the G9 technique; Patil et al, 1971), protein 
denaturation (Kato & Yosida, 1972; Stephen, 1977) and by culturing cells 
in the presence of a wide variety of reagents as listed in table 1-2. 
other Banding Techniques 
A number of other procedures have appeared since the publication 
of the original Q-, C-, B- and cG-banding techniques. Some of these are 
simply adaptations of the earlier procedures that give patterns that are 
combinations of the basic patterns (de la Maza & Sanchez, 1976; 
Kanda, 1976). Others produce different patterns from the original 
procedures. Thus T-banding (Dutrillaux, 1973) is an adaptation of 
B-banding that shows up telomeric regions specifically, while Cd-banding 
(Tcentromere dot'; Eiberg, 1974) produces heavily stained dots at the 
centromeres rather than C-bands. Staining of the nucleolar organizers 
could be achieved using Giemsa (Matsui. & Sasaki, 1973) or using silver 
solutions (Denton & Howell, 1975; Goodpasture & Bloom, 1975). 
Adapting the Giemsa staining conditions by buffering the stain at pH ii 
(Gil; Bobrow et al 1972b; Gagne'& Laberge, 1972) produced a staining 
pattern wherein different chromosome regions stain different colours. 
In human chromosomes, the chromosomes stain blue while certain 
paracentromeric regions stain magenta. In the mouse, on the other hand, 
the staining pattern is reversed, with the chromosomes staining 
predominantly magenta with blue centromeric regions (Bobrow & Cross, 1975). 
This allows the distinction of human and mouse chromosomes in mouse-
human hybrid cells, which is useful for human gene mapping experiments 
(Bobrow & Cross, 1975). 
Experimentation with dyes other than Giemsa has shown that other 
Romanowaky type stains (i. e. stains containing methylene blue, azure dyes 
and eosin in varying proportions; see Lillie, 1977) can substitute effectively 
for Giemsa in banding techniques (Sperling & Wiesner, 1972; 
Sanchez et al, 1973), while other stains can also be used to produce banding 
patterns (Rodman & Tahiliani, 1973; •unis & Sanchez, 1973; 
Stahl &Vagner-Capodano, 1974; Scheres, 1974; Scheres &Merkx, 1976). 
Importancei,ying the Mechanism of Bandipg 
While it is possible to carry out straightforward cytogenetic studies 
using banding pattErns simply to identify regions of chromosomes, it is 
important to know the mechanisms of production of the banding patterns 
to understand some observations fully. For example, analysis of the 
distribution of chromosome breaks caused by clastogens shows that they 
do not occur at random with respect to chromosome bands (Holmberg & 
Jonasson, 1973; San Roman & Bobrow, 1973). Clearly, knowledge of the 
mechanisms of banding procedures is important if this sort of phenomenon 
is to be understood. There are also suggestions that banding patterns 
show up fundamental aspects of chromosome organization. 
For example,Ganner & Evans (1971) showed that Q-banding patterns 
correlate closely with the distribution of late replicating DNA, while 
Sumner (1976b) has suggested a connection between G-banding and 
chromosome condensation. Thus, by studying the mechanism of 
chromosome banding, one can hope to gain some insight into both the 
structure and function of chromosomes, and eventually into the mechanisms 
of some cytogenetic phenomena. For these reasons, a considerable amonnt 
of effort has been put into attempting to elucidate the mechanisms of the 
various banding procedures; evidence concerning the mechanisms of the 
four types of banding considered in this thesis is reviewed in section 1-3. 
One of the most important reasons for studying chromosome banding is 
that it reveals a level of chromosome organization which cannot otherwise 
be seen. In the next section, I consider current knowledge of the 
structure of metaphase chromosomes and its possible relationship to 
banding. 
7 
1-2 : Metaphase Chromosome Structure 
Light microscopy shows chromosomes to be composed of two 
chromatids held together at the centromere. Electron microscopy shows 
the chromatids to be composed mainly of fibres (Ford, 1973) which are 
more densely packed at the centromeres (Comings & Okada, 1970). 
The chromatids may be held together by interdigitation of the chromosome 
fibres (DuPraw, 1966; Comings & Okada, 1970; Stubblefield & Wray, 1971) 
or by interactions between the 'cores' of the two chromatids (Laemmli 
et al, 1977; see below). The other structural features that can be 
distinguished in intact oiromosomes without the use of banding procedures 
are the kinetochores and the telomeres. The kinetochores are located at the 
centromeres, and are the sites of attachment and assembly of the spindle 
fibres (microtubules). The mammalian kinetochores are three layered, 
plate-like structure, but the structures of kinetochores in different species 
differ widely (see Bostock & Sumner, 1978, for a short review). 
The telomeres are located at the ends of the chromatids and seem to be the 
points of attachment of the chromosome to the nuclear membrane 
(Stubblefield & Wray, 1971). 
The fibres that make up metaphase chromosomes seem to vary in 
size depending on the conditions used for specimen preparation (Ford, 1973). 
Nevertheless, there seem to be two distinguishable types of fibre, with 
approximate diameters of 10 nm and 20-30 nm (His, 1975). Chromosomes 
have been shown to contain nucleosomes (Bostock et al, 1976; 
Compton et al, 1976), so it seems likely that the 10 nm fibre consists of 
DNA wound up into nucleosomes by the core histones (H2a, H2b, H3, 114; 
see Felsenfeld, 1978, for a review of chromatin structure). 
The 30 nrn fibre seems to be stablilized by divalent cations (Ris, 1975), 
and so may correspond to the solenoid of nucleosomes described by Finch 
and Mug (1976; Carpenter et al, 1976). 
Studies of chromosome structure by water spreading techniques 
(e.g., DuPraw, 1965, 1966; Wolfe, 1965) do not reveal the presence of 
any element that might organize the chromosome fibre into a chromosome 
(Stubblefield & Wray, 1971). For this reason, most of the models of 
chromosome structure based on electron microscopy have been of the 
'folded fibre' type, wherein the chromosome fibre is folded into a 
chromosome without the mediation of any other structure (DuPraw, 1965; 
Comings, 1972; Bahr, 1977). A recent variation on this theme is the 
model of Bak and Zeiithen (1977; ; see also Bak & Zeuthen, 1976; 
Bak et al, 1977) who suggest that the 30 nm fibre is supercoiled into a 
400 nm fibre, which is then further coiled to form the chromatid. 
The alternative to a folded fibre model is a 'chromosome core' 
type of model, in which the DNA is held in place by an autonomous structure, 
or 'core'. A number of chromoEzme core models have been proposed, 
the earlier ones being mostly theoretical (Taylor, 1958; Sobell, 1973; 
Dounce et al, 1973) while more recently, more direct evidence for 
chromosome cores has been produced (Stubblefield & Wray, 1971; 
Laemrnli et al, 1977). Stubblefield and Wray (1971) were able to show 
core-like structures in physically sheared and salt and urea extracted 
chromosomes, and suggested a model wherein a central DNA core was 
surrounded by loops of 'epichromatin'. The best evidence for the existence 
of a chromosome core has been produced by Laemmli and his associates 
(Adolph et al, 1977a,b; 'Paulson & Laemmli, 1977) who have,.been able to 
isolate and biochemically characterize a 'scaffold' composed of nonhistone 
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proteins which is produced when chromosomes are 'dehistonized' by 
treating them with solutions of polyanions, and then digested with DNase 
to remove DNA. 
The model of chromosome structure presented by Laemnili et al, 1977 
see also Wray et al, 1977) is of a scaffold composed of about six major 
nonhistone proteins and a number of minor ones, from which loops of 
DNA about 45 to 90 kilo-base pairs long extend in a manner reminiscent 
of the 'epichromatin' of Stubblefield and Wray (1971). The loops are 
thought to be packed into the 30 nm chromosome fibre seen in whole 
mount electron micrographs (Ris, 1975). The condensation produced in 
this way would enable the DNA to be packed into the structure the size of 
an intact chromosome (Laemmli et al, 1977). 
The chromosome banding techniques show up aspects of 
chromosome structure not revealed by the sorts of study outlined above. 
Those studies can make a contribution to our understanding of chromo-
some structure because they define the different levels at which the 
interactions that influence the production of banding patterns can reside. 
Thus, because chromosomes are made up of DNA, dye specificity could 
reside at the level of base sequence; because chromosomes contain 
nucleosomes, staining could reflect the absence or presence of 
nucleosomes, or different nucleogoine conformations in different regions. 
If the 30 nm chromosome fibre corresponds to the solenoid structure 
described by Finch and Mug (1976), banding could reflect the presence or 
absence of this structure, or differences in its conformation, and in any 
case it might reflect differences in the 'higher order' (i.e. at levels 
higher than the nucelosome) organization of chromatin in the chromosome. 
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fig 1-6 
1-6 	Molecular formula of quinacrine mustard 
1-6 Quinacrine Mustard 
C3H3 	
/(CH2)2C1 




Finally, if chromosome core models are accepted, and in particular 
that of Laemmli et al (1977), banding might also reflect the interactions 
between the chromosome scafold and the 	DNA attached to it. 
If it could he discovered which of these levels of organization is reflected 
by banding patterns, this would provide insight into ways in which chromatin 
organization varies in different parts of metaphase chromosomes. 
1-3 : Banding Mechanisms 
ndn 
Quinacrine mustard (fig 1-6) binds to DNA by intercalation 
(Caspersson et al, 1968) with atoichiometry of one dye molecule per four 
base pairs (Kurnick & Radcliffe, 1962). The interaction is stabilized by 
an association of the alkylating side chain with the minor groove 
(O'Brien et al, 1966). 
The structure of the quinacrine mustard molecule is critical to the 
quality of the banding produced. It has been suggested that the acr[dine 
nucleus is the component of fluorescent dyes essential for the production 
Q-banding (Pachmann & Rigler, 1972; Salamanca et al, 1972), but the 
substituents of the nucleus also seems to have some effect. 
A number of analogues of quinacrine have been used in banding experiments, 
but none is as satisfactory as quinacrine mustard (Caspersson et al, 1969a, 
1970d). Limon et al (1975) showed that the presence of the -Cl and -OCH3 
substituents at positions 3 and 7 of the acridine ring are particularly 
important in the production of Q-banding. Tsou et al (1975) showed that 
the presence of a side chain at position 9 of the acridine is essential if 
banding is to be produced with 3, 7 substituted acridines, although 
3, 6-diamine acridine derivatives will show banding in the absence of a chain 
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at position 9 (e.g. acriflavine, proflavine; Modest, 1973). Caspersson 
et a! (1970d) suggested that quinacrIne mustard produced better banding 
than quinacrine because of its alkylating properties, but its superiority 
is not always obvious (OTfliordan et al, 1971), possibly because 
quinacrine mustard is hydrolysed to quinacrine in solution (A. T. 
Sumner, pers. comm.). 
If quinacrine binds by ionic interactions (Sumner & Evans, 1973; 
Limon et al, 1977), and does so uniformly to all parts of the chromosome 
(Hatfield et al, 1975; Sumner, 1977b), Q-banding must therefore reflect 
quenching and/or enhancement of fluorescence at different points along the 
chromosome. Biophysical studies of the interaction of quinacrine with DNA 
in solution show that quinacrine fluorescence is enhanced when the mol-
ecule is bound to a sequence of four consecutive A-T base pairs and 
quenched when bound to a sequence containing guanine (Pachmann & 
Bigler, 1972; Selander & de la Chapelle, 1973; Welsblum & de Haseth, 
1972,1973). This seemed to suggest that Q-banding reflected the dis-
tribution of A-T rich regions in chromosomes. This conclusion seemed 
to be supported by observations that fluorescent anti-adenosine anti - 
bodies produced Q-band-like patterns on human chromosomes (Dev et al, 
1972a; Schreck et al, 1973). Cytological studies in DrosophUa (Barr & 
Ellison, 1971; Blumenfeld & Forrest, 1971) and the related species 
Samoaia leonensis (Ellison & Barr, 1972) also suggested a relationship 
between A-T rich DNA and bright quinacrine fluorescence, but other 
studies with the mouse (Rowley & Bodmer, 1971; Bostock & Christie, 
1974), the kangaroo rat Dipodomys ordii (Bostock & Christie, 1974) and 
the edible crab Cancer pagurus (Sumner et al, 1975; Sumner, 1976a) show 
that A-T rich satellite DNA's and quinacrine bright regions do not always 
coincide. 
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Comings (1971) showed that regions with the same base composition showed 
different intensities in different parts of Indian muntjac chromosomes. 
Weisbium (1973) explained the results in the mouse on the basis that A-T 
rich DNA's will only produce bright fluorescence if they contain stretches of 
four consecutive A-T base pairs (i. e., no guanine), but Comings et al (1975; 
Sumner, 1976a) pointed out that mouse satellite contains sequences of five 
A-T base pairs (Southern, 1970), and so would be expected to produce bright 
fluorescence. 
While the evidence for a role for base composition in Q-banding is 
ambiguous, there seems to be clear evidence for some sort of role for pro-
teins. Sumner & Evans (1973) and Comings et al (1975) proposed models in 
which proteins had an important effect on quinacrine fluorescence. Comings 
et al, (1975) suggested that nonhistone proteins might prevent quinacrine from 
binding to chromosomes more in faintly fluorescent than in strongly fluores-
cent regions. While differential quinacrine binding may happen in some cases 
(Sumner, 1977b) quinacrine usually binds to chromosomes uniformly (Hatfield 
et al, 1975; Sumner, 1977b). Sumner (1977b) suggested that proteins might be 
involved in quenching the fluorescence of uniformly bound quinacrine, andthat 
quenching was a result of dimerization or polymerization of quinacrine. There 
is also some incidental evidence that proteins are involved in Q-banding, as 
treatment of chromosomes with pronase (Comings, 1971) or trypsin Natarajan 
& Gropp, 1972) diminish the quality of Q-banding. 
As well as evidence for a role for proteins in Q-banding, there is a 
suggestion that the mode of DNA packing, as heterochromatin or euchromatin, 
is important. Gottesfeld et al (1974) showed that a euchromatin fraction from 
rat liver quenched quinacrine fluorescence more than total chromatin, which 
in turn quenched fluorescence more than heterochromatin. All fractions had 
identical base compositions. Observations that hypotonic treatment has an 
effect on the quality of Q-banding (George, 1970; Natarajan & Gropp, 1972) 
seem to support this idea, because hvpotonic treatment produces deconden-
sation of chromosomes. 
Although it is possible that variations in base composition alone 
might be sufficient to account for the variations in intensity of quinacrine 
fluorescence observed in Q-banded chromosomes (Comings & Drets, 1976; 
Korenherg & Engels, 1978; Mayfield & McKenna, 1978), there seems to be a 
considerable amount of evidence that proteins are involved in chromosome 
banding, possibly because of their roles in folding DNA (Sumner & Evans, 
1973; Gottesfeld et al, 1974) or by quenching quinacrine fluorescence directly 
(Sumner, 1977b). Sumner (1977b) noted that while immersing preparations 
from a number of species in organic solvents resulted in abolition of dif-
ferential quinacrine fluorescence, this was not true for Cancer paguru 
and suggested that the mechanism of Q-banding is not necessarily the same 
in all cases and that in some cases differential uptake of quinacrine may occur. 
13.2: C-Banding 
As C-banding techniques (Arrighi & Hsu, 1971; Yunis et al, 1971; 
Sumner, 1972) were developed from observations made during in situ hybri-
dization experiments (Pardue & Gall, 1970) it was originally suggested that 
C-banding reflected variations in the speed of DNA renaturation in centromeric 
regions, and other regions containing satellite DNAs which, being highly 
repetitious, might be expected to renature much faster than single copy DNA 
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Arrighi & Hsu, 1971: Yunis et al, 1971). However, observations that 
differential extraction of DNA occurred between light- and dark-staining 
regions (Pathak & Arrighi, 1973; Comings et al, 1973; Schmiady et al, 1975), 
and that C-banding could be produced using DNase Alfi et al., 1973) and exten-
sive trypsin (Ray, 1972) digestion, suggested that the Giemsa staining pattern 
simply reflected the amount of material present in different regions. - Comings 
et al (1973) showed that 1 although most of the material was extracted by the 
alkaline stage of Arrighi & Hsu's (1971) procedure, differential extraction of 
DNA did not occur until the salt incubation stage. Salt incubation also produces 
chromosome collapse (Boss & Gormley, 1973) as in G-banding (see below). On 
staining with Giemsa, ridges are observed corresponding to the C-bands. This 
may be due to local rebuilding of the chromatin by stain (McKay, 1973), or may 
simply reflect the mass of Giemsa stain (Boss & Gormley, 1973; Gormley & 
Boss, 1976). 
C-banding in Man reveals centromeric heterochromatin, heterochro-
matin associated with nucleolar organizers, and the long arm of the Y chromo-
some. Most of these regions have been shown to contain satellite DNA's 
(Pardue & Gall, 1970; Evans et al, 1974). The appearance of assymmetrical 
C-bands in mouse (Lin et al, 1974) and human (Latt et al, 1974; Angell & 
Jacobs, 1975; Galloway & Evans, 1975) chromosomes ) after incorporation of 
5-bromodeoxyuridine for one round of replication ) has been explained on the 
basis that the centromeric regions contain satellite DNA's which have thymine 
asymmetrically distributed between their two strands. Similarly, Crossen 
(1975) has suggested that the extreme variability of the C-band of the human 
No.19 chromosome reflects the absence of active genes and therefore the 
presence of satellite DNA's in these regions. However, when data from a 
wide variety of species are considered it becomes apparent that there is no 
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consistent correlation between the distribution of any particular class of DNA 
and the C-band pattern (Sumner, 1976a), so C-banding cannot simply reflect 
the strength of interaction between satellite DNA's and proteins (histones 
interact more strongly with satellite than main band DNA; Maio & Schildkraut, 
1969). Nevertheless, a stronger interaction between tightly bound NHP's and 
DNA in C-bands has been suggested (Burkholder & Weaver, 1977) and such 
interactions may be to some extent sequence specific (e.g., Gates & Bekhor, 
1979). 
Holmquist (1979) has recently published a detailed chemical explan-
ation of the processes occurring during C-banding which suggests that DNA 
depurination occurs during fixation and HC1 treatment of chromosomes, 
alkali treatment results in the denaturation of the DNA, and salt incubation 
in the solubilization of the fragmented DNA. Comings et al (1973) have noted 
that C-banding could sometimes be seen in the absence of differential DNA 
extraction, and that the quality of C-banding seen with DNA staining was not 
as good as that seen with Giemsa. This led to their suggestion that other 
factors than simple differential DNA extraction were involved in C-banding. 
Banding of plant chromosomes generally results in C-band-type 
patt3rns, i.e., 'constant heterochromatic bands' (Sumner, 1976b), whatever 
the nature of the actual treatments applied. In some cases, however, dif -
ferential DNA extraction is not observed (Kongsuwan & Smyth, 1977), suggest-




The patterns of G-banding in mammalian chromosomes are very 
similar to those revealed by Q-banding (Sumner et al, 1971) and thus cor-
relate with both late replicating (Ganner & Evans, 1971) and AT-rich (Dcv 
et al, 1972a; Schreck et al, 1973; Comings, 1974) regions in chromosomes. 
There is no reason to believe that either of these correlations is of signifi-
cance to the mechanism of G-banding (Comings, 1974). G-bands also seem 
to be depleted in sequences specifying messenger BNATs (Pierpont & Yunis, 
1977; Yunis et al, 1977). Electron microscopy of G-banded chromosomes 
shows tightly packed chromatin fibres in G-band regions (Bidler & Ohara, 
1972; Buzicka, 1974; Bath, 1976) which stain more intensely than fibres in 
interband regions (Buzicka & Schwarzacher, 1974; Schwarzacher et al, 1976). 
During the salt incubation G-banding procedures little or no protein 
or DNA extraction takes place (Comings et al, 1973; Sumner et al, 1973), 
but the chromosomes collapse (Gormley & Ross, 1972). Both chromosome 
banding and collapse can be prevented by oxidation of free sulphydryls 
(Sumner, 1974). Controlled reduction of suiphydryls results in the production 
of G-bands (Utakoji, 1973) while more extensive reduction results in dis - 
persed, faintly staining chromosomes (Sumner, 1974). These results impli-
cate suiphydryl containing proteins in G-banding (Sumner, 1976 a). Similar 
results have been obtained for C-banding (Kosztolanyi & Btihier, 1978). 
A considerable proportion of the total histone is removed from 
chromosomes by 3 : 1 methanol/acetic acid fixation (Brody, 1974; Comings 
& Avelino, 1974; Sivak & Wolman, 1974; Retief & Riichel, 1977). Estimates 
of the actual amount extracted range from 8% (Comings & Avelino, 1974) 
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to 90% (Sivak & Wolman, 1974), although most estimates are at the higher 
end of this range. A number of lines of evidence suggest that histones are 
not directly involved in banding (Comings & Avelino, 1974; Holmquist & 
Comings, 1976) despite suggestions to the contrary (Brown et al, 1975). 
The detailed mechanisms that have been proposed for G-banding all 
contain a significant role for non-histone protein-DNA interactions (Sumner 
& Evans, 1973; Vogel et al, 1974; Comings & Avelino, 1975). This is 
because most of the histones are extracted from metaphase chromosomes 
by fixation (Sumner et al, 1973; Brody, 1974; Sivak & Wolman, 1974; 
Betief & Ruchel, 1977),because variations in chromosome base composition 
and mass distribution are probably not large enough to account for the con-
trast observed (Comings et al, 1973), and because there is no evidence of 
direct interactions of Giemsa dyes with chromosomal proteins (Sumner & 
Evans, 1973). Burkholder & Weaver (1977) have suggested that the inter-
actions between NHP' s and DNA are stronger in positive ,dark G-bands than 
in negative ones. 
Bahr et al (1973; Bahr & Larsen, '1974) have suggested that G-
banding patterns can be discerned in water spread chromosomes, and that 
therefore G-banding can be explained on this basis (see also Jeppesen et 
al, 1978). While Comings et al (1973) have discounted this because the 
variations to be seen are too small, McKay (1973) has suggested a model 
of G-banding that incorporates some elements of this suggestion. Because 
G-band like patterns can be seen in fixed, untreated chromosomes by phase 
and ultraviolet microscopy, and can be produced by staining untreated chro-
mosomes with Giemsa ( Sanchez et al, 1973) or Feulgen (Kato & Moriwaki, 
1972), he suggested that G-bands may correspond to regions containing 
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condensed chromatin. When postfLxation treatments are employed, 
chromosome collapse is produced (Gormley & Ross, 1972, 1976; Ross &. 
Gormley, 1973) as a result of the extraction of divalent cations. When 
these chromosomes are stained with Giemsa, the dye molecules act as 
divalent cations, occupying the positions vacated by the structural divalent 
cations during collapse, and reconstitute the regions of high chromatin con-
centration preexisting in the untreated chromosome. Sumner (1977a; 1978) 
has shown by X-ray microanalysis of banded chromosomes that the loss of 
divalent cations is associated with chromosome collapse. Subsequent 
results have also shown correlations between G-banding patterns and the 
distribution of chromomeres of pachytene chromosomes (Okada & Comings, 
1974; Comings & Okada, 1975; Luciani et at, 1976) and that G-bands fuse 
during chromosome condensation in the same way as chromomeres (Luciani 
et al, 1976; Yunis et al, 1978). Consequently, Sumner (1976b) has sugges-
ted that G-bands correspond to centres of condensation in the condensing 
chromosome. 
Trypsin induced G-banding (Seabright, 1971) demands special con-
sideration because trypsin might be expected to produce cleavage of proteins 
rather than interference with protein-DNA interactions. Because old, 
denatured or inactivated trypsin solutions produced G-banding it was at one 
point suggested that proteolysis was not important during trypsin G-banding 
(Dcv et al, 1972b; Sehested, 1973), but later results did not support this 
argument (Lundsteen et al, 1974; Korf et at, 1976). Chromosome collapse 
has been observed during trypsin G-banding (Gormley & Boss, 1976; Bath, 
1976), but there is some disagreement about the degree of protein extraction 
that occurs during the procedure (Comings et at, 1973; Matsukuma &TJtakoji, 
1976). Matsukuma & lJtakoji (1976) reported a distribution of fluorescence in 
19 
dansyl stained, trypsin G-banded chromosomes that corresponded to the 
banding pattern. 
:B-ancling 
B-banding was originally developed using Giemsa (Dutrillaux & 
Lejeune, 1971) but can also be visualized using acridine orange (Bobrow 
et al, 1972a). Acridine orange staining shows green fluorescence at B-
bands and red fluorescence at G-bands. As a metachromatic shift occurs 
when acridine orange binds to single stranded DNA (Bigler, 1973), a 
mechanism of preferential denaturation was suggested (Bobrow & Madan, 
1973), which may depend on protein-DNA interaction. The conditions 
employed for B-banding might be expected to produce DNA denaturation. 
However, Nash & Plaut (1964) showed that chromosomal DNA renatured 
(But see Kurnit, 1974) 
rapidly in situ, and that chromosomal proteins inhibited denaturation. As 
B-banding with acridine orange can also be observed without pre-treatment 
(Bobrow & Madan, 1973; Couturier et al, 1973), or after trypsin treatment 
(Bobrow & Madan, 1973) it has been suggested that the metachromatic shift 
seen in G-band regions is due to enforced side stacking due to inhibition of 
dye intercalation by proteins, rather than denaturation (Comings & Avelino, 
1975). Subsequent studies on this problem have produced inconclusive 
results (Comings &Wyandt, 1976). 
For B-banding using Giemsa, an alternative mechanism is sugges-
ted whereby denatured proteins reduce dye binding in G-band regions in the 
same way to G-banding (Comings & Avelino, 1975). Bihler et al (1973) have 
also implicated proteins in the production of B-banding patterns with Giemsa 
because reverse banding patterns could be produced by trypsin treatment 
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under some conditions. Bostock and Sumner (1978) pointed out that the 
results of Dutrillaux & Covie (1974), who showed that changes in the ionic 
composition of incubation media can bring about variations from G- to ii-
band formation, suggest similar mechanisms for G- and H-banding. 
1-4 : Mechanisms of Giemsa Binding to DNA 
A critical question to the mechanism of the Giemsa chromosome 
banding techniques (e.g., G-, C- and B- banding) is the way in which the 
various dyes which constitute the Giemsa stain interact with DNA. Giemsa 
is a mixture, consisting of methylene blue, its oxidation products azures A, 
B, and C, and eosin Y (Comings, 1975). Three detailed models of the inter-
action between the Giemsa dyes in fixed chromosomes have been described, 
and these are described in the following sections. 
1-4.1; The Model of Sumner & Evans (973) 
Sumner & Evans (1973) extracted the dyes from banded Giemsa 
stained chromosomes and found that they obtained thiazine dyes and eosin Y 
in a molar ratio of about 2: 1. Consequently, they suggested that the magenta 
colour of banded chromosomes was the result of the formation in situ of a 
complex of two thiazine molecules (i.e., methylene blue and derivatives) 
and one eosin Y molecule. These complexes have absorption maxima at 
about 550 nm. compared with values of 650 -660 nm. for methylene blue 
and 515 urn. for eosin Y (Comings, 1975). Formation of the complex was 
thought to be dependent on the conformation of the DNA in the chromosome: 
studies with DNA in gelatine films showed no clear relationship between DNA 
concentration and Giemsa staining. The exact relationship of the strands to 
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one another was thought to dictate the probability of the formation of the 
complex. Methylene blue would bind by intercalation to the chromosomal 
DNA and two molecules suitably orientated would be crosslinked by an cosin 
Y molecule interacting lonically with the e groups of the methylene blue 
molecules (see fig 1-7). 
1-7 Methylene Blue—EosinY—Methylene Blue Complex 
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Consequently, chromosome banding with Giemsa would be a consequence of 
the differential disruption of chromosome structure, maintained by nonhistone 
chromosomal proteins (as histones are more or less absent), in different 
parts of the chromosome, and consequent destruction of Giemsa binding sites. 
Wyandt et al (1976) have produced evidence that an azure/eosin is produced 
also on the chromosome during G 11 banding. 
McKay (1973) has suggested a similar mechanism of staining, 
whereby Giemsa acts as a divalent cation and reveals a preexisting 
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substructure by binding to sites vacated by structural divalent cations during 
postfixation treatments. Such a mechanism would be consistent with the 
higher concentrations of material in G-band regions seen after fixation by 
phase contrast and ultraviolet microscopy (McKay, 1973), but might not 
account for the existence of B-banding (Comings & Avelino, 1975). 
The oe of Comings &Avelino j1975) 
According to this model, chromosome banding can be accounted for 
purely in terms of binding of methylene blue and its oxidation products. The 
different spectra of stained chromosomes and methylene blue in solution are 
accounted for by a hypsochromic shift of the methylene blue molecules inter-
acting with each other at very high concentrations. Methylene blue is thought 
to bind to DNA by ionic interaction with DNA phosphate groups. Differential 
staining after banding treatments is thought to result from differential 
denaturation of nonhistone proteins in different parts of the chromosome. 
As the proteins are denatured, they are thought to adopt a more random - 
coiled conformation, making them able to block more phosphate groups and 
prevent them from interacting with methylene blue molecules. 
1-4. 3 : The Model of Vogel et a1Jl974) 
According to this model, the binding of eosin Y molecules to fixed 
chromosomes is not to thiazine molecules but to a class of nonhistone pro-
teins; thiazines bind to eosin Y. When chromosomes are treated to produce 
banding, the relevant nonhistone proteins are eluted differentially from the 
chromosome, or undergo conformational changes, leaving a non-uniform 
distribution of eosin Y and thiazine binding sites along the chromosome. 
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However, Sumner & Evans (1973) showed that eosin Y binds only very weakly 
to fixed chromosomes, which suggests that this mechanism cannot explain 
the heavy staining of chromosomes produced by chromosome banding 
procedures. 
1-5 : The Object of this Thesis 
Clearly, before a satisfactory molecular explanation of chromosome 
banding phenomena can be given, a large number of more general questions 
need to be answered. The aim of the experiments described in this thesis is 
to answer enough of these questions that new questions can begin to be asked 
at the molecular level. Three main questions have been asked. 
1) What is the basic system upon which the banding techniques act? 
A number of models of the mechanism of chromosome banding techniques, 
especially those of Sumner and Evans (1973) and Comings and Avelino (1975), 
involve interactions between chromosomal proteins and DNA. Consequently, 
it is important to know something about the organization of fixed chromosomes, 
and which proteins are likely to be involved in the production of banding patterns. 
Sumner et al (1973) have measured the protein: DNA ratio of fixed 
nuclei by microinterferometry and obtained a value of 1: 3. In Chapter 2 
I have extended these measurements to fixed metaphase chromosomes using 
both micro interferometry and density gradient ultracentrifugation in 
Metrizamide. Studies of the effects of fixation on chromosomes have pre-
viously been confined to consideration of the amount of histone extraction it 
produces (Brody, 1974; Comings & Avelino, 1974; Sivak & Wolman, 1974; 
J3etief & fliichel, 1977). In Chapter 3 1 have set out to try and characterize 
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a subset of chromosomal proteins, present in fixed chromosomes, that is 
essential for chromosome banding. It was necessary to establish, firstly, 
that fixation is necessary for the appearance of banding patterns by attempt-
ing to band unfixed chromosomes. Secondly, I have tried to define a fraction 
of the chromosomal proteins that has to be extracted, and a fraction that has 
to be left in place, if G-banding is to occur. I have done this by treating 
unfixed material with salt solutions and seeing whether these treatments left 
the chromosomes bandable. Thirdly, I have tried to find out whether the 
chromosome scaffold proteins (Laemmli et al, 1977) are important in chromo-
some banding by attempting to produce banding patterns in I dehistonized' 
chromosomes. 
2) What sorts of mechanisms of chromosome banding are most 
likely to be valid? Although the most detailed mechanisms, particularly 
those of Comings & Avelino (1975) and Sumner & Evans (1973), depend on 
the induction of conformational changes within the protein-DNA complex 
which is the fixed metaphase chromosome, models have also been proposed 
based simply on extraction and/or redistribution of the material within the 
chromosome. Bahr et al (1973) suggested that banding merely represented 
the gross distribution of material within the chromosome, and McKay (1973) 
suggested that banding resulted from reorganization of material during 
staining (see also Jeppesen et al, 1978). Daniel & Lam-Po-Tang (1973) 
suggested that banding patterns reflected the differential extraction of pro-
teins from the chromosome, and Matsukuma and TJtakoji (1976, 1977) 
have presented patterns of staining with the protein specific fluorochrome 
dansyl that are identical to G- and C-banding after trypsin and salt treat-
ments. This seems to suggest association of specific proteins with 
chromosome bands. This is also to a certain extent an element of Vogel et 
al (1974)'s model of Giemsa banding. Chapters 4 and 5 of this thesis are, 
therefore, concerned with investigating whether models based solely on the 
distribution of protein can be true. In Chapter 4, the distribution of protein 
in banded and unhanded chromosomes isthidied using a variety of protein-
specific dyes. In Chapter 5, the effects of crosslinking agents, which 
should stabilize the protein-DNA complex and prevent conformational 
changes, have been studied. 
3) Is C-banding solely a result of differertial DNA extraction? 
Whereas in other techniques extraction of material from different parts of 
the chromosome is at best doubtful (see !lt),  during C-banding it is well 
established that DNA is extracted to a greater extent from light staining 
than from dark staining regions (Pathak & Arrighi, 1973; Comings et al, 
1973; Schmiady et. al, 1975). However, it is not certain that the amount 
of DNA extraction that occurs during C-banding is sufficient to produce the 
contrast observed during C-banding (Comings et a!, 1973). Resolution of 
the question whether patterns result purely from differential extraction of 
DNA depends particularly on the dependence of Giernsa staining on DNA 
concentration; if a consistent relationship between the two could be esta-
blished from studies of C-banding, there would be a clear indication that 
DNA extraction alone was enough to account for C-banding. The nature 
of such a relationship might also give some insight into the mechanism of 
Giemsa staining. The mechanism of C-banding is, therefore, investigated 
in detail in Chapter 6. 
Chapter 2 : Protein:DNA Ratio in Methanol/Acetic Acid Fixed 
Chromosomes 
2-1 : Introduction 
During the fixation of nuclei with 3:1 methanol/acetic acid, 
80-90% of the total histone is extracted (Brody, 1974; Comings & Avelino, 
1974; Sivak & Wolman, 1974; Betief & Biichel, 1977). The resulting fixed 
nuclei have a protein:DNA ratio of about 1:3 as measured by integrating 
microinterferometry (Sumner et al 1973). These results suggest that, 
when chromosome banding takes place, the chromosomes contain no more 
than 25% of their original protein content. However, both the protein 
composition (Wray & Stubblefield, 1970) and the strength of some 
protein-DNA interactions (Stein et al, 1974) are different in interphase 
nuclei and metaphase chromosomes, so measurements made on fixed 
nuclei may not be a good representation of the situation in fixed 
chromosomes. 
In this Chapter, therefore, I describe two series of experiments 
intended to provide measurements of the protein:DNA ratio in fixed 
chromosomes. Ideally, it would be preferable if the protein:DNA ratio 
could be measured under the same conditions under which chromosomes 
show banding, 1. e. on the slide. To attempt this measurement I have used 
integrating micro interferometry. By estimating the dry mass of 
chromosomes or metaphases before and after the DNA is extracted an 
estimate of the protein:DNA ratio can be made. The method previously 
used to characterize both dehistonized and native chromosomes has been 
density gradient ultracentrifugation in Metrizamide (Wray, 1976; 
Adolph et al, 1977a); in Metrizamide protein-DNA complexes band at 
Table 2-1. Interferom etry Results 
Expt 	n 	Mu 	Me 	Fu 	F e 
1 	49 1549.1 1192.6 439.9 143.8 -0.25 -0.17 
(metaphases) +247.0 +237.4 +103.1 +49.8 +2.41 +1.61 
2 	17 231.7 84.8 486.5 126.5 0.70 0.47 
(chromosomes) +80.7 +36.9 +63.3 +53.5 ±0. 30 +0.20 
3 	19 467.5 235.1 121.2 75.9 -0.28 -0.19 
(chromosomes) +254.6 +208.9 +50.7 +33.3 +0.47 +0.31 
4 	31 254.9 210.2 3533 154.5 -0.29 -0.19 
(chromosomes) +160.6 +254.4 +70.1 +60.9 +0.30 +0.20 
5 	30 8188.1 5202.5 375.7 222.2 0. 12* 0.  08* 
(metaphases) ±1697.5 ±1846.7 ±119.2 ±94.6 -- -- 
n, number of measurements; M, mean IOPD of unextracted objects; 
mean IOPD of extracted objects; F U  , mean IOPD of Feulgen 
stained, unextracted metaphases; Fe,  mean IOD of Feulgen stained, 
extracted metaphases; /d , the ratio of the contributions of protein 
and DNA to the IOP1; B, the estimated protein:DNA ratio 
calculated from 
*Interferometrjc data were unpaired. 	/d  value calculated from the 
four means shown in the table. No attempt is made to estimate errors. 
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buoyant densities directly related to their protein : DNA ratio (Birnie et 
al, 1973). This system was therefore used as a check on the results 
obtained using interferometry. 
2-2 : Experiments and Results 
To determine the protein: DNA ratio of an object four values are 
necessary: the dry mass of the object before and after DNA extraction; 
and the DNA content of the object before and after DNA extraction 
(see Section 2-3.1). Integrated optical path difference (IOPD) was 
estimated by integrating micro interferometry, either of metaphases or 
chromosomes, using the Vickers M 86 Scanning Micro interferometer 
(Vickers Instruments, York). DNA was extracted by immersing slides 
in hot 10% trichloroacetic acid (TCA) and the IOPD's of the meta-
phases or chromosomes again estimated after the extraction. In most 
cases IOPD data are paired, i. e. the dry mass values measured after 
DNA extraction corresponded to the same objects as the values 
measured before DNA extraction. To estimate DNA extraction a 
separate control slide was used. The control slide and the correspon-
ding experimental slides were Feulgen stained under the conditions 
described by Rodman & Tahiliani (1973) for chromosome preparations 
(see Materials and Methods) and measurements of integrated optical 
density (IOD) at 560 nm taken. Control slides were prepared from 
the same culture as experimental slides. Results are summarised 
in table 2-1. 
Metrizamide gradient ultra centr ifugat ion was carried out on 
material supplied by Mr A. Ross (see Materials and Methods). Suspensions, 
containing isolated chromosomes, chromosome clumps and 
fig 2-1 
2-1 	Graph of t9 5 (density at 50C) vs fraction number 
for a typical 38% Metriamide gradient 
2-1 PROFILE OF A TYPICAL 38% METRIZAMIDE 
GRADIENT. 











Table 2-2. Density Gradient ]Results 
Expt. Buoyant Density ± s. d. Conditions 
1 1.271 ± 	0.008 200 C; 100 000g. Unfixed 
2 1.221 ± 	0.016 5° C; 80 000g. Unfixed 
3 1.247 0.016 5° C; GO 000g. Unfixed 
4 1.258 0.014 50 C; 60 000g. Unfixed 
5 1.228 0.016 5° c; 60 000g. Fixed 
6 1.254 0.008 5° C; 60 000g. Unfixed 
7a 1.254 ± 	0.014 Unfixed 
7b 1.233 1 	0.010 Fixed 
Mean buoyant densities for all runs at 5 ° C, 60 000g: 
unfixed: 1.25 ± 0.01 
fixed: 	1.23 0.01 
These correspond to protein:DNA ratios of 2. 2-2. 3:1 for unfixed and 
2.0:1 for fixed chromosomes (see Rickwood, 1976). 
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cell nuclei, were loaded, fixed or unfixed, on top of a 40% (w/v) 
Metrizamide solution and gradients run as described in Materials and 
Methods. Protein:DNA ratios were estimated on the basis of the data 
presented by Rickwood (1976). Results are presented in table 2-2. 
A typical gradient profile is shown in fig 2-1. 
2-3 Discussion 
Ji Interferomety Results 
Interference microscopy measures directly the phase change 
(usually retardation) introduced by an object into a beam of light. 
In the Vickers M86 micro-interferometer, the light beam is split into 
two perpendicularly polarized coherent beams whose planes of 
polarization are rotating. One beam is focussed onto the object while 
the other is passed through the background. The beams are recombined 
and the phase change introduced into the rotating beam measured 
electronically (M86 Handbook; Goldstein & Hartmann-Goldstein, 1974). 
The phase change depends on the thickness of the object and on 
the difference in refractive index between the object and the mounting 
medium. If all the components of the object retard light to the same degree 
per unit mass, ie have the same specific optical path difference 
(Carlson, 1965) the phase change is also proportional to the mass of the 
material lying in the path of the beam. This is in practice true for 
proteins, but there is evidence that DNA has a lower specific optical path 
difference than proteins (Carlson & Gledhill, 1966; Lindström et al, 1966; 
A. T. Sumner, unpublished). By scanning a field containing only an object 
and an average background it is thus posible to obtain estimates of the 
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dry mass of the object. An estimate of the real dry mass can be 
obtained by comparison with objects of known dry mass, but this was 
not necessary for these experiments. 
To estimate the protein:DNA ratio in these experiments, the 
integrated optical path difference (IOPD) was measured before and after 
extraction of DNA with hot 10% TCA (Mu and Me, respectively). 
If the contributions made to the IOPD by protein and DNA are p and d 
respectively, 
(p + d) 	 (1) 
and 	Me = k. (p + x. d) 	(2) 
where x is the proportion of the DNA remaining after extraction, and k is 
a constant. The value of x could be determined from Feulgen measurements 
of the extracted material, and of control material which had not been 
extracted. Clearly, it is not possible to carry out Feulgen measurements 
on the same material before and after TCA extraction, because Feulgen 
staining is irreversible; this inevitably introduced errors. 
Errors were also introduced because the hydrolysis conditions used for 
Feulgen staining before and after DNA extraction were different. 
Nevertheless, comparison of the integrated optical densities of unextracted 
and extracted Feulgen stained metaphases (Fu ' Fe) gives an approximate 
estimate of the amount of DNA remaining after extraction, where 
Fe X 	- 	 (3) 
F 
Subtracting equation 2 from equation 1 
MU - Me = Ic. (1 - x).d 
i.e., 	d=Mu. 	Me 
(4) 
k. (1-x) 
and substituting for d in equation 1 
MU - Me 
Mu = k. p + 
k. (1-x) 
i.e., 	Mu 	Mu. - Me 
-- - =  p 
Ic 	k.(1-x) 
therefore, 	 Mu - (1-x) - M + Me 
p= 	------ ----------------(5) 
k. (1-x) 




d 	Mu - Me 
which, putting Me = y, simplifies to 
p 	y  
- - (7) 
d 1  
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fig 2-2 
2-2 	Graph of B vs. y for the equation 
B = lr(ly) 	(x = 0.1) 
used to estimate protein : DNA ratios (B) in 
interferometric experiments. x is the ratio 
of the Feulgen stain intensities extracted and 
unextracted metaphases or chromosomes; 
y is the ratio of integrated optical path dif-
ferences for extracted and unextracted meta-













Measurements of the specific optical path differences of dry 
proteins and DNA suggest that DNA has a specific optical path difference 
about 1. 5 times lower than proteins (Carlson & Gledhill, 1966; Lindstrm 
et al, 1966; A. T. Sumner, unpublished). These results suggest that 
estimates of protein: DNA ratio macic assuming that proteins and DNA 
retard light to the same-extent may be too high by a factor of 1. 5. Thus 
the correct value of B should be: 
2 	1 	 y - x 
B 	d x 	1.5 = 	1.5(1-y) 
Clearly, the errors present in the final value of B will reflect 
inter-object variation as well as measurement errors and this variation 
would be expected to be considerable as the objects being measured are 
biological samples. The amount of error in B is further increased as a 
result of the form of equation (7) because the final value of B is small, 
while percentage errors in the numerator and denominator, themselves 
large, would be accumulated in B. In the table (2-1) values of 	and 
B are quoted + standard error but, as can be seen from fig 2-2, the 
distribution of B about its mean is only normally distributed over a small 
range. In particular, as y and x approach one another or as y approaches 
1 (as results of experimental error) very large positive or negative values 
of H can be produced which distort the value of B wildly. This is illustrated 
by the fact that, if the highest and lowest values are eliminated from the 
calculation of 	for experiment 1,a value of 1.67 ± 0.68 (S. e.) is 
obtained, compared with -0. 25 ± 2.41 (s. e.) if all values are included. 
tithe next highest and lowest values are also excluded, a value of 
1.89 -F 0.19 (s. e.) is obtained. The values omitted are -111. 111, -24.39 
(lowest), 20.408 and 17. 857 (highest). 
Eliminating the most extreme results in this way clearly improves 
the self-consistency of the interferometric results, because the standard 
error is significantly reduced. It does not, however, compensate for any 
systematic errors present in the measurements. Also it was not possible 
to carry out similar manipulations on the results of experiments 2 to 4 
because the data were so widely spread that there did not seem to be any 
clear criterion for defining extreme results. Thus, the best estimate 
that these experiments give of the protein: DNA in fixed chromosomes is 
obtained from experiment 1 by eliminating the two highest and lowest 
values. This gives a final mean value for the protein: DNA ratio of 
1. 26 ± 0. 13 (s. e.). However, it seems likely that this value like all 
those obtained by interferometric measurements is unreliable. 
2-3. 2 Metrizamide Density Gradient Results 
The results of these experiments turned out to be highly 
reproducible, giving values of / ' I (buoyant density) for unfixed 
chromosomes and nuclei of 1. 25 ± 0. 01, gcm 3 compared with 
1. 23 ± 0. 01 gcm 3 for fixed chromosomes and nuclei. These 
buoyant densities correspond, according to the data of Rickwood 
(1976), to protein DNA ratios of 2: 1 for fixed and 2. 2 - 2. 3 :1 for 
unfixed material. One might have expected there to be some difference 
between the buoyant densities of chromosomes and nuclei in Metrizamide, 
but any such difference was too small to be resolved by this procedure; 
individual chromosomes, clumps of chromosomes and nuclei all banded 
together and were found in the same gradient fractions. 
There are two main possible sources of error in the Metrizamidc 
results. Firstly, it is possible that fixed material in suspension contains 
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protein that does not remain associated with it when slides are prepared. 
Furthermore, fixed nuclei, which appear to have a protein: DNA ratio of 
1:3 on the slide by micro interferometry (Sumner et al, 1973), had buoy-
ant densities in Metrizamide indistinguishable from those of chromosomes 
and characteristic of 2: 1 protein: DNA ratios. This result tends to sug- 
gest that fixed chromosomes in Metrizamide gradients are indeed associated 
with adventitiously bound protein, and that the protein: DNA ratio value 
obtained by Metrizamide gradient centrifugation is a maximum one. 
A further possible source of error is variation in the input 
t chromatin t concentration in the chromosomes. Kondo et al (1979) have 
recently shown that the measured buoyant density of chromatin is dependent 
on the initial concentration of the chromatin layered onto the gradient, 
presumably as the result of changes of hydration with concentration. This 
effect was relatively small, however, and would not, for example, have 
produced a change in buoyant density sufficient to produce a change in 
apparent protein: DNA ratio from 2: 1 to 1: 1. 
A second series of results presented by Kondo et al (1979) is of 
general interest in that they report alterations in chromatin buoyant 
density resulting from the ionic conditions in the gradient. While the 
conditions used in this study were the same as those used by Adolph 
et al (1977a) in their experiments, so that the results are directly 
comparable, they are different from those used by Wray (1976) and, 
most significantly, from those of the more general work on protein: DNA 
complexes (3irnie et al, 1973; Bickwood, 1976). Thus the protein: DNA 
ratios inferred on the basis of buoyant densities from the figure presented 
by Bickwood (1976) will not be completely accurate. On the other hand, 
the general agreement between density gradient analysis using different 
systems (Adolph et al, 1977a; Wray, 1976) and other estimates of 
protein:DNA ratio (Maio & Schilclkraut, 1967; Wray & Stubblefield, 1970; 
Jeppesen et al, 1978. of. Mendelsohn et al, 1968) suggest that this 
is not a serious problem. 
2-3.3 : The Composition of Fixed Chromosomes 
There is clearly a discrepancy between the estimates of 
protein:DNA ratio obtained by microinterferornetry (approx. 1) and in 
Metrizarnide gradients (approx. 2). The discussion presented in 
Section 2-3. 2, particularly with reference to adventitiously bound protein, 
seems to suggest that the value obtained from density gradient analysis 
overestimates the protein:DNA ratio. On the other hand, consideration 
of the trend of the micro interferometry results as more extreme results 
were eliminated (one towards higher values of protein:DNA ratio) seems 
to suggest that the value of 1. 26 is a minimum value. Thus the true 
protein:DNA ratio of fixed chromosomes probably lies in the range 
between 1. 26 and 2, and perhaps at the lower end of this range. 
Neither of the values obtained is close to the value of 1:3 obtained 
by Sumner et al. l973)on the slide. If the difference is real, it may 
reflect differences in the initial protein:DNA ratio of chromosomes and 
nuclei, in the strength of the association between DNA and protein, and 
also, possibly, in the susceptibility of DNA to degradation. 
On the other hand, it is possible that DNA-associated protein was lost 
from nuclei during the DNase treatment employed by Sumner et al (1973) 
to extract DNA. If this were so, their estimate of the amount of protein 
in fixed nuclei would be an underestimate and possibly a considerable 
underestimate if, as suggested in Chapter 3 (section 3-3. 3) most of the 
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protein in fixed chromosomes is associated with the DNA. 
It is interesting that the lower estimate of protein:DNA ratio (1. 26) 
would correspond to a loss of about one DNA mass of protein, which is 
equivalent to the mass of histones present in chromosomes 
(Sadgopal & Bonner, 1970a, b). This would be consistent with the 
conclusion that most (80-90 1/o) of the histone is extracted from nuclei by 
fixation (Brody, 1974; Comings & Avelino, 1974; Sivak & Wolman, 1974; 
Betief & Euchel, 1977). However, it would be surprising if only histones, 
and no nonhistone proteins, were extracted from chromosomes by fixation. 
The discrepancy may be accounted for by loss of DNA from chromosomes 
during fixation; such DNA loss has been suggested by some preliminary 
experiments (LA. Buckland, unpublished; B.B. Cohen, unpublished; 
A.T. Sumner, unpublished). 
Although there is clearly some uncertainty in the results, there is 
no indication that the protein:DNA ratio in fixed material is as low as the 
1:6 value obtained for dehistonized chromosomes (Adolph et al, 1977a). 
Two further series of experiments would shed light on the composition 
of fixed chromosomes. Estimation of the protein:DNA ratio of fixed 
material which had been air-dried onto slides and then scraped off, 
in Metrizamide gradients, would check whether the results obtained with 
fixed material in suspension were indeed affected by adventitiously bound 
protein. Gel electrophoretic analysis of the proteins present in fixed 
chromosomes, particularly in comparison with dehistonized chromosomes, 
might show whether fixed chromosomes contain only the chromosomes 
scaffold proteins, or whether they contain additional specific protein that 
might be involved in chromosome banding. 
2-4 : Conclusions 
The protein:DNA ratio in fixed chromosomes is in the range 
1. 26-2: 1, compared with a value of 2. 2-2. 3 : 1 for unfixed 
chromosomes, 1:3 for fixed nuclei (Sumner et al, 1973), and 
1 :6 for dehistonized chromosomes (Adolph et al, 1977a) 
2 - Although the results are consistent with the results on histone 
extraction obtained by other workers, it seems likely that, as 
nonhistone proteins are likely to be extracted during fixation, 
some DNA extraction also occurs during fixation. 
2-5 : Materials and Methods 
Blood culture and slide preparation procedures are described 
in the Appendix. 
2-5. 1 Micro interferornetryandMicrodensitornety 
Microinterferometric and m icrodens itometr Ic measurements of 
metaphases and individual chromosomes were carried out using the 
Vickers M86 Scanning Micro interferometer / Microdens itometer. 
Micro interferometric measurements were carried out using the x75 
water immersion objective, using circular masks for measurements 
of metaphases, and the adjustable rectangular mask for chromosome 
measurements. Background measurements were taken in a clear 
region to the right of the object. Background was set at 0. 05. Inte-
grated optical path difference (IOPD) values (in arbitrary units) were 
calculated as the mean difference between three readings of the object 
and three readings of the background. To estimate dry mass after 
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DNA extraction, slides were treated with 10% trichioroacetic acid (TCA) 
solution at 90 0 C for 10 min and the IOPD re-measured. In experiments 
1 to 4, the positions of the objects measured in the first part of the 
experiments were noted, the relevent metaphases photographed using a 
Polaroid camera, and the same objects measured after TCA extraction 
where possible. This was not done in experiment 5. 
Integrated optical densities (TOD's) of Feulgen stained metaphses 
were measured at 560 nm using the xlOO oil immersion objective. 
Control fields were scanned close to each metaphase, with the background 
set at 0. 02, and three readings were again taken of each value. 
The IOD was the mean difference between the two sets of readings, 
calculated routinely using a Sinclair Cambridge Scientific Programmable 
Calculator (Sinclair Radionics). 
2- 5. 2 
The conditions used were those of Rodman & Tahiliani (1973). 
Slides were hydrolysed for 12 mm. at 60 0C in 1M HCI and then immersed 
for 15 min. in Schiff's Reagent (Difcc. Slides that had been treated with 
10% TCA to extract DNA were not hydrolysed further. 
2-5. 3 : Preparation of Chromosome Suspensions 
Chromosomes were prepared, according to the procedure of 
Jeppesen et al (1978), by Mr A. Ross. About 10 8  CHO cells arrested in 
metaphase with colchicine were first washed in 2 ml of trypsin-EDTA 
solution (0. 5% (w/v) trypsin (1:250); 0. 02% (w/v) EDTA in modified 
Puck's saline A) at 37 0 C. The pellet was then washed with 10 ml of 
cold (40C) 'chromosome isolation medium' : 1 mM 3-cyclohexylamino- 
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propane-suiphonic acid ('CAPS', BDH); 2 mM Cad 2;  1% (v/v) 2-methyle-
pentan-2,4-diol ('hexylene glycol'; BDH). Cells were then resuspended 
in chromosome isolation medium and incubated for 10 min at 37 0 C to 
swell the cells and disperse the chromosomes. The suspension was then 
cooled in ice/water for 5 mm, when Triton X-100 (Koch-Light) was added 
to a concentration of 0.1% (v/v). After a further 5 min in the cold, 
the suspension was passed 10-20 times through a gauge 23 needle to disrupt 
the cells. The suspension was then spun at 1000 rpm for 10 mm. 
The supernatant, which was a pure suspension of chromosomes, was used 
for experiments which required pure chromosomes. The pellet was 
resuspended for analysis on Metrizamide gradients (see Section 2-5.4). 
2-5.4 : Metrizamide Gradients 
Suspensions of chromosomes, including clumps of chromosomes and 
nuclei, were prepared as described above. The pellet was resuspended 
in 'Tris chromosome medium' : 10 mM Tris-HC1, pH 8. 0; 1 mM Cad2 ; 1% 
(v/v) hexylene glycol; 0. 1% (v/v) Triton X-100 (Jeppesen et al, 1978) 
and syringed through a gauge 21 needle 10-20 times to break up clumps. 
0. 25 n-ti of suspension were then layered on top of 5 ml of a 40% (w/v) 
solution of Metrizamide in 'gradient buffer' (0. 1 M NaCI; 10 mM Tris-HC1, 
pH 9.0; 10 mM EDTA; 0.1% (v/v) Nonidet P-40; 1 mM(phenylmethyl-
sulphonyl fluoride) ; Adolph et al, 1977a) in a 10 ml polyallomer tube and 
spun at 60 000 g, 5 0 C, over the weekend (approx 65 hrs) in an MSE 
Superspeed 65 ultracentrifuge. 0. 25 ml fractions were collected from the 
bottom, by piercing the tube, and density profiles calculated on the basis 
of refractive index measurements made with an Abbe' ref ractometer 
Bellingham & Stanley, London) using the equation: 
3.453 tfl 	- 3.601 
(0(L) 
(Birnie & Rick-wood, 1976). Individual values were calculated using a 
Sinclair Cambridge Scientific Programmable Calculator (Sinclair 
Radionics). 	A typical profile is shown in fig 2-1. The fractions with 
which chromosomes were associated were determined by making slides 
of each fraction, air-drying, and staining with Giemsa (2% (v/v) Gurr's 
Giemsa B 66 in pH 6.8 buffer). The mean buoyant density of the 
chromosomes was determinedby calculating the mean density of all the 
chromosome containing fractions. Some preliminary experiments 
carried out under different temperature and/or rotor speed conditions 
are included in table 2-2, but the data were not included in the final 
calculations. 
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Chapter3: The Importance of Fixation in Chromosome Bandi 
3-1 : Introduction 
Previous studies of the importance of fixation in chromosome banding 
have shown that the usual fixative, 3:1 methanol/acetic acid, extracts 80-90% 
of the total histone (Brody, 1974; Sivak & Wolman, 1974; Retief & Büchel, 
1977). Extraction of the remaining histone has no effect on the quality of 
banding obtained, so it could be concluded that histones played no part in 
chromosome banding (Comings & Avelino, 1974) despite their structural 
role in chromatin, where they are responsible for folding DNA into nucleo - 
somes (Ma, H2b, H3, 114) and for maintaining higher order structure (Hi) 
(see Felsenfeld, 1978). On the other hand, studies on the effectiveness of 
different fixatives in producing bandabie chromosomes, which show that 
formalin containing fixatives do not allow banding while acetic acid contain-
ing ones do (Crossen, 1973), suggest that some protein extraction may be 
necessary if banding is to be produced. It was therefore necessary, before 
studying the effects of fixation in detail, to establish that fixation is indeed 
essential for chromosome banding. To do this, I have taken preparations 
of unfixed chromosomes and exposed them to various banding procedures 
to see if unfixed chromosomes are capable of showing banding. It is already 
established that unfixed, isolated chromosomes can show Q-banding (Wray 
& Stefos, 1976). 
If protein extraction is essential for banding, for example because the 
presence of histones inhibits banding, it is important to be able to define more 
clearly the proteins it is necessary to extract before banding can be produced, 
and those it is necessary to leave in place. In this Chapter, I have attempted 
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to do this in two ways. Firstly, I have treated chromosomes with solutions 
containing different concentrations of sodium chloride and sodium deoxycholate 
(NaD). Previous work has shown that these salts produce progressive dis-
sociation of histones from chromatin with increasing concentration, but in a 
different order (Ohlenbusch et al, 1967; Smart & Bonner, 1971). Although 
the histones themselves are almost certainly not involved in chromosome 
banding (Coming & Avelino, 1974; Holmquist & Comings, 1976) nonhistone 
chromatin proteins are also extracted progressively by salt solutions. Thus, 
by attempting to G-band chromosomes treated with salt solutions of different 
concentrations, a fraction of the nonhistone chromosomal proteins involved in 
G-banding could be distinguished. G-banding was studied rather than B- or 
C-banding because it is more reproducible than B-banding, making observations 
more reliable, and more dependent on fixation than C-banding (which was shown 
to occur in unfixed chromosomes to some extent). A second way of fractionating 
the chromosomal proteins is by applying the 'dehistonization' * procedure of 
Adolph et al (1977 a), which not only extracts the histones but also a large pro-
portion of the nonhistone proteins from chromosomes. By examining the 
ability of Idehistonized!  chromosomes to show chromosome banding, it was 
possible to determine whether the important nonhistone proteins in chromosome 
banding are chromosome scaffold proteins or other nonhistone proteins. 
* Throughout this thesis, the term 'dehistonization' refers to the procedure of 
competitive removal of histones with polyanions described by Adolph et al (1977a), 
and 'dehistonized' chromosomes are the structures produced by this procedure. 
Other terms are used for chromosomes from which histones have been removed 
by other procedures. 
fi's 3-1 to 3-4 
	
3-1 	Unfixed chromosomes, stained with Giemsa 
3-2 	Unfixed chromosomes, stained with dansyl 
3-3 	Fixed, cytospin prepared chromosomes, stained 
with Giemsa 




fig's 3-5 to 3-8 
	
3-5 	Unfixed chromosomes after ASG treatment. 
Giemsa stained. 
3-6 	Unfixed chromosomes after ASG treatment 
Dansyl stained. 
3-7 	FLxed,cytospin prepared chromosomes after 
ASG treatment. Giemsa stained. 
3-8 	Fixed, cytospin prepared chromosomes after 







figs 3-9 and 3-10 
3-9 	Unfixed chromosomes after BSG treatment. 
Giemsa stained. 
3-10 Fixed cytospin prepared chromosomes after 












Table 3-1 : Results of Fixation Experiments 
Treatment 	 Giemsa 	 Dansyl 
Unfixed Uniformly dark Uniform, bright 
(fig 	3-1) (fig 	3-2) 
Fixed* G-band like patterns on Less bright 
extended chromosomes 
(fig 	3-3) (fig 3-4) 
Unfixed, G-banding No banding, dispersed Dispersed 
(fig 	3-5) (fig 3-6) 
Fixed*, G-banding Signs of G-banding Collapsed 
(fig 	3-7) (fig 	3-8) 
Unfixed, R-banding No banding, dispersed Dispersed 
Fixed*, B-banding No clear banding Collapsed 
Unfixed, C-banding Some C-banding Uniformly stained, 
(fig 	3-9) uncollapsed 
Fixed*, C-banding Clear C-banding Uniformly stained, 
(fig 	3-10) uncollapsed 
* 1. e., unfixed preparations subsequently fixed on the slide. 
3-2: Experiments and Results 
1) To determine the importance of fixation in Gienisa banding 
procedures, slides of unfixed material, produced using both hexylene glycol 
and sue rose/Cad 2 isolation media (methods A and B; see Appendix), were 
divided into two batches. One batch was fixed by immersion in 3:1 methanol/ 
acetic acid. Slides were then subjected to G-, C-, or R-banding(niethods of 
Sumner et al, 1971; Sumner, 1972; Sehested, 1974. See Appendix) destained, 
and stained for protein with dansyl (see Chapter 4). 
Unfixed material showed no banding after G- or B-banding procedures, 
but showed slight C-banding (fig 3-9) after the C-banding procedure. G- and B-
banding procedures produced a considerable destruction of chromosome 
organization (fig 3-5) which was less apparent after C-banding. After fixation, 
chromosomes showed signs of banding in the absence of banding treatments 
(fig 3-3). G- and C-banding procedures produced banding patterns, although 
G-banding patterns were generally not very clear (figs 3-7, 3-10). B-banding 
produced no clear banding patterns, but chromosomes appeared collapsed. 
Dansyl stained, unfixed material was quite brightly stained (fig 3-2) 
and reflected the destruction of organization seen after Giemsa staining (fig 
3-6). All fixed material showed the pattern characteristic of chromosome 
collapse, including material not subjected to banding procedures (fig 3-8). 
Fixed material fluoresced only faintly (fig 3-4), C-banded material being 
particularly faint. 
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Results of these experiments are summarized in table 3-1. 
fig's 3-11 and 3-12 
3-11 Unfixed chromosomes after treatment with 
0. 05 M sodium deoxyoholate and subsequent 
ASG treatment. Giemsa stained. 
3-12 Unfixed chromosomes after treatment with 
0. 05M sodium deoxycholate and subsequent 
ASG treatment. Dansyl stained. 
*or 
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fig's 3-13 to 3-16 
3-13 Fixed, air dried metaphase chromosomes 
stained with Giemsa. 
3-14 Fixed, air dried metaphase chromosomes 
stained with dansyl. 
3-15 Fixed, air dried chromosomes after ASG 
treatment. Giemsa stained. 
3-16 Fixed, air dried chromosomes after ASG 








V t\ r,' 
15 
fig 3-17 
3-17 Fixed, air dried chromosomes after treatment 











Unfixed chromosomes Uniformly dark Uniformly bright 
(fig 	3-1) (fig 	3-2) 
ASG Dispersed Dispersed 
(fig 	3-5) (fig 	3-6) 
0. 5 M NaC1 No banding Uniform 
0. 5 M NaC1, ASG Dispersed Dispersed 
4 M NaCl No banding Uniform 
4 M NaCl, ASG Dispersed Dispersed 
0.05 MNaD No banding Uniform 
0.05 M NaD, ASG 	 G-banding 	 Uncollapsed 
(fig 3-11) (fig 3-12) 
0.1 M NaD 	 No banding 	 Uniform 
0.1 M NaD, - ASG 	 Dispersed 	 Dispersed 
Table 3-3 : Protein Extraction 	iments, Fixed Chromosomes 
Treatment 
	
G iem sa 
	
Dansyl 
Fixed chromosomes Uniform, dark U ncollaps ed 
(fig 	3-13) (fig 	3-14) 
ASG G-banded Collapsed 
(fig 3-15) (fig 	3-16) 
0. 5 M NaCl Uniform Collapsed 
0. 5 M NaCl, ASG G-banded Collapsed 
4 M NaC1 Uniform Collapsed 
4. M NaCl, ASG G-banded Collapsed 
0. 05 M NaD Uniform Collapsed 
0. 05 M NaD, ASG G-banded Collapsed 
0. 1 M NaD G-banded Collapsed 
(fig 	3-17) 
0.1 M NaD, ASG G-banded Collapsed 
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2) To investigate the possible roles of different protein fractions in 
G-banding, unfixed preparations were immersed in 0. 05 M or 0. 1 M sodium 
deoxycholate or 0. 5 M or 4 M sodium chloride for 30 minutes at room tem-
perature. Slides were then treated with the ASG procedure and compared with 
controls that had not been ASG treated. B- and C-banding were not investigated 
here for reasons explained in s( ction 3-3.2. Identical experiments were also 
carried out using fixed, air-dried preparations prepared in the normal way 
(see Appendix). After Giemsa staining, slides were destained in 70% ethanol 
and restained with dansyl. 
Treatment of slides of unfixed chromosomes with salt solutions alone 
had little effect on the chromosomes, but subsequent ASG treatment usually 
produced considerable disruption (fig 3-5), to an extent where chromosomes 
were difficult to identify, and no banding patterns. The exception to this was 
0. 05 M NaD; after 0. 05 M NaD treatment and subsequent ASG treatment chrom-
osomes were well preserved and showed signs of G-banding (fig 3-11). Salt 
treatments had little effect on fixed material, or on its ability to show G-
banding (fig 3-15). However, 0.1 M NaD treatment of fixed chromosomes 
resulted in staining very similar in type to that observed after G-banding with 
trypsin (see Seabright, 1972) or sodium dedecyl sulphate (Kato & Yosida, 1972), 
even in the absence of subsequent ASG treatment (fig 3-17). Dansyl staining of 
unfixed material showed a decrease in fluorescence after treatment with salt 
solutions. ASG treatment produced no indications of chromosome collapse, 
even after 0. 05 M NaD treatment, which allowed the production of G-banding 
(figs 3-2, 3-6, 3-12). Fixed material also showed fainter dansyl staining after 
salt treatment, but also showed the staining pattern characteristic of chromo-
some collapse (figs 3-14, 3-16). Chromosomes seemed more faintly fluores-
cent after NaCl treatments than after NaD treatments. NaD may have produced 
fig's 3-18 to 3-21 
3-18 Unfixed chromosomes after 'dehistonization'. 
Giemsa stained. 
3-19 Unfixed chromosomes after !d ehiston iz ation !. 
Dansyl stained 
3-20 Unfixed chromosomes after 'dehistonization' 
and ASG treatment. Giemsa stained. 
3-21 Unfixed chromosomes after 'dehistonization' 
and ASG treatment. Dansyl stained. 
Slides of unfixed chromosomes for these pictures were 
a gift from Dr G Hadlaczky. 
!* 	iT 
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fi's 3-22 to 3-25 
3-22 Fixed, air dried chromosomes after d eht ston izationt. 
Giemsa stained. 
3-23 Fixed, air dried chromosomes after td ehi s ton izationl 
Dansyl stained. 
3-24 Fixed, air dried chromosomes after 'dehistonization' 
and ASG treatment. Giemsa stained. 
3-25 Fixed, air dried chromosomes after tdehistonization 
and B-banding. Giemsa stained. 
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Dehistonized Uniform, dark Uniform 
(fig 	3-18) (fig 	3-19) 
G-banding Dispersed Dispersed 
(fig 	3-20) (fig 	3-21) 
TG-banding Dispersed Dispersed 
C-banding Dispersed Dispersed 
B-banding Dispersed Dispersed 
Q-banding Uniform Uniform 
Dehistonized, Uniform Uniform 
fixed (fig 	3-22) (fig 	3-23) 
G-banding Faint banding Uniform' 
(fig 	3-24) 
TG-banding Uniform Uniform 
C-banding Uniform Uniform 
B-banding Faint banding Uniform1 
(fig 	3-25) 
Q-banding Uniform Uniform 
* or quinacrine for Q-banding 
1 chromosome collapse would have been expected, as banding patterns 
could be observed. 






Fixed Uniform Uniform 
G-banding G-banded Collapsed 
TG-banding G-banded Collapsed 
C-banding C-banded Collapsed 
B-banding B-banded Collapsed 
Q-banding Q-banded Collapsed 
Fixed, Uniform Uniform 
dehistoniz ed 
G-banding G-banded Collapsed 
TG-banding G-banded Collapsed 
C-banding C-banded Collapsed 
B-banding B-banded Collapsed 
Q-banding Q-banded Collapsed 
slightly more extensive chromosome collapse than NaC1. 
Results for unfixed material are summarized in table 3-2, and those 
for fixed material in table 3-3. 
3) To investigate the response of dehistonized chromosomes to 
banding procedures, dehistonized chromosomes were prepared by the method 
of Adolph et at (1977a) from chromosomes prepared from fixed or unfixed 
Chinese hamster ovary (CHO) cells by the method of Jeppesen et at (1978; see 
Materials and Methods). Slides were made by spinning drops of the suspension 
through pH 8. 0 chromosome isolation medium (Jeppesen al al, 1978) at 
500 r. p. in in the Cytospin. Slides were treated with the following banding 
procedures: G-banding (Sumner et al, 1971); TG-banding (Sun et a]., 1973); 
C-banding (Sumner, 1972); B-banding (Sehested, 1974) and Q-banding 
(Caspersson et a]., 1968). Slides were then destained and stained with dansy.l. 
As controls, fixed, air-dried preparations were immersed in cold (4 ° C) 
dehistonizing solution for 30 minutes and subjected to the same treatment. 
Unfixed material did not show banding and was disrupted to varying 
degrees by banding treatments (fig 3-10). Fixed material showed some signs 
of banding after G- and B-banding treatments (figs 3-14, 3-15), but none after 
C-, TG- and Q.-banding treatments. After dansyl staining, unfixed material 
showed very little variation in fluorescence intensity, although chromosomes 
were difficult to distinguish from other material on the slide (figs 3-19; 3-21). 
Fixed material showed variations in fluorescence intensity consistent with the 
results of Chapter 4, i. e. the C-banding and TG-banding procedures produced 
a marked reduction in fluorescence intensity while the other treatments had 
little or no effect. In addition, some longitudinal variation in fluorescence 
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intensity could be seen on decondensed chromosomes, which seemed to 
be the same on each chromatid. The staining pattern characteristic of 
chromosome collapse was never seen, however. Results of these experi-
ments are summarized in table 3-4. Fixed, air dried material showed 
the same banding properties whether they had been treated with dehisto-
nizing solution or not although Q-banded chromosomes might have been 
slightly more collapsed when dehistonized before banding. Results of 
experiments on fixed, air-dried material are summarized in table 3-5. 
3-3 : Discussion 
3-3.1 : The lin2ortance  of Fixation 
The results demonstrate unequivocally that fixation is essential 
if G-banding is to be produced. The situations for C- and R-banding are 
less straightforward. Some C-banding could be produced in the absence 
of fixation. In the light of the result obtained on the mechanism of C - 
banding in Chapter 6, this might suggest that the depurination under 
normal fixation conditions might be more extensive than it is when anhydrous 
fixative is used (see Holmquist, 1979). If most of the DNA depurination 
occurred during HC1 treatment, one would expect to see clearer C - 
banding in the absence of fixation. On the other hand, the presence of 
large amounts of protein in unfixed chromosomes might have had inhibit-
ing effects on the degradation or solubilization of DNA or DNP 
(deox r ibonu cleop rote in) during the procedure. 
The B-banding procedure is notoriously unreliable, but B-banding 
was never clearly obtained in any experiment whose starting material was 
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Cytospin-prepared unfixed chromosomes. It may be that the substructure 
revealed by B-banding is particularly sensitive to destruction. 
The results obtained with dansyl once again show association of 
banding with chromosome collapse. 
3-3. 2 : Boles of Protein Fractions inG-banthig 
The use of different concentrations of NaCl and NaD to investigate 
the fraction of chromosomal proteins involved in G-banding are based on 
the results of Ohlenbusch et at (1967) and Smart & Bonner (1971). 
Oh1enbusch et al (1967) investigated the effects of varying NaCl con-
centrations on the dissociation of chromatin and found that at 0. 5M, 
111 was dissociated from chromatin while the core histones (H2a, H2b, 
113, H4) were not. At 4MNaC1, all the histones were dissociated. 
Smart & Bonner (1971) carried out similar experiments using sodium 
deoxycholate and showed that at 0. 05 M NaD 80% of the core histones 
were dissociated, but no Hi, while at 0. 1 M nearly all of the histones 
were removed. Results obtained on protein extraction from isolated 
chromosomes by NaCl ( Mace et al, 1978) are consistent with these 
chromatin results. 
The ASG treatment produces a significant disruption of unfixed meta-
phase chromosomes, and the extent of this disruption is generally amplified 
by treatments that extract proteins. This is what would be expected; if 
structural proteins are being extracted, the remaining structure should be 
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generally less stable. The exception to this was found to be mild treatment 
with 0. 05 M NaD, which allowed chromosomes to retain their structure after 
ASG treatment and to show G-banding. The effect of 0. 05 MNaD on chromatin 
is to extract all of the 'core' histones (i.e., the histones located within the 
core of the nucleosorne) (Smart & Bonner, 1971), while leaving 80% of the 
Hi molecules and 90% of the NHP's (nonhistone chromosomal proteins) in 
place. It needs to be determined which of these classes of protein is more 
important in G-banding. 
As 0.05 MNaD treated chromosomes seem to be more resistant to 
disruption by ASG treatment than unfixed chromosomes, it is possible that 
some rearrangement of the protein or DNA moieties occurs during this 
treatment which stabilises the chromosomes. Recent studies on chromosome 
structure suggest that the role of Hi, which is left in place by 0. 05MNaD 
treatment of chromatin (Smart & Bonner, 1971), is essentially one of cross-
linking neighbouring regions of the chromatin fibre to form higher order 
structure (Finch & King, 1976). Furthermore ) earlier studies showed that 
rearrangements of Hi-DNA complexes occur easily (Jensen & Chalkley, 1968; 
Ilyin et al, 1971). However, evidence on the effects of fixation on the histone 
content of nuclei (Brody, 1974; Comings &Avelino, 1974; Sivak &Wolrnan, 1974; 
Retief &Ruchel, 1977) and immuno fluorescence studies of fixed chromosomes 
(Pothier et al, 1975; Bustin et al, 1976) ) generally suggest that little of any kind 
of histone remains in place after fixation. Structural roles have also been 
suggested for some NHP's (Ide etal, 1975; Laemmlietal, 1977; Martinson etal, 
1979; Mathew etal, 1979), some of which seem to be bound very tightly to DNA 
(Ide et al, 1975; Goldknopf & Busch, 1977; Mathew et at, 1979). As 0. 05MNaD 
treatment removes fewer of the NFIP's than the other treatments used, the most 
likely explanation of the results would seem to be that a class of NHP's 
that is extracted from chromosomes 
by 0. 1MNaD, and by 0. 5M and 4M NaCl, but not by 0. 05MNaD, must be 
denatured or be involved in a rearrangement of the conformation of the 
protein-DNA complex before G-banding patterns can be produced. A similar 
denaturation or conformational change would occur during fixation in 3 :1 
methanol/acetic acid. 
0. 1 MNaD treatment of fixed, air-dried preparations results in the 
production of banding patterns reminiscent of those produced by trypsin 
treatment (Seabright, 1971; Sun et al, 1973). Similar patterns have also 
been produced using solutions of SDS (sodium dodecyl sulphate) and other 
'denaturing agents' (Kato & Yosida, 1972). Although SDS and NaD both dis-
sociate protein-DNA complexes at relatively low concentrations (Smart & 
Bonner, 1971; Hayashi and Ohba, 1974), the above discussion suggests that 
the ability of such reagents to affect protein conformation, rather than their 
ability to dissociate protein-DNA complexes, is important in their production 
of G-banding. This does not mean that their effects on protein conformation 
directly affect the staining properties of the chromosomes; an effect on the 
conformation of a structural NHP could have an effect on the conformation of 
the complex it formed with DNA. 
3-3.3Structure and 	nization of Fixed Chromosomes 
Although faint indications of banding could sometimes be seen after 
G- and 1-banding treatments, especially after subsequent fixation, dehis-
tonized chromosomes generally seemed incapable of showing any banding 
patterns (including Q-banding). Assuming that the structures of CHO 
(Chinese hamster ovary) chromosomes and human chromosomes are similar, 
so that the results obtained for dehistonization are comparable with other 
results described in this thesis, this result suggests that the proteins involved 
in producing banding patterns are extracted during dehistonization. Presumably, 
then, these proteins are not associated with the chromosome scaffold (as 
isolated by the procedure of Adolph et al, 1977a) to any significant extent. 
-- 	 Dansy.l staining of dehistonized structures showed no signs of the 'halo- 
like' staining pattern associated with chromosome collapse even when they 
showed banding. The protein:DNA ratio of fixed chromosomes is higher than 
that of dehistonized ones (Chapter 2). By analogy with the electron micro - 
graphs of water-spread, 'dehistonized' chromosomes presented by Paulson 
& Laemmli (1977), it is possible that the peripheral 'halo' seen in banded, 
'collapsed' chromosomes contains most of the chromosomal DNA. If this 
DNA is associated with the majority of the remaining protein, the resulting 
DNA-protein complex would be much more dansyl fluorescent than the central 
scaffold region because of the (at least) six-fold excess of non-scaffold pro-
teins over scaffold proteins in the fixed chromosome (assuming protein:DNA 
ratios of 1. 26 1 and 1 6 for fixed and dehistonized chromosomes respectively). 
This would produce the characteristic 'halo' in fixed chromosomes, which 
would be absent in dehistonized chromosomes. This sort of model of the 
organization of fixed chromosomes is supported by the findings of Howell & 
Hsu (1979) who could show a chromosome core, surrounded by 'epichromatin', 
in fixed mammalian chromosomes stained with silver. 
A consequence of this suggestion is that the proteins associated with 
the DNA, and found in the 'halo', would contain the proteins important in 
chromosome banding. Clearly, their characterization would make an impor-
tant contribution to the understanding of the mechanism of chromosome band-
ing. It would also contribute to the understanding of chromosome structure, 
because it seems likely that proteins involved in chromosome banding will be 
structural proteins, perhaps involved in organizing high-order levels of 
chromatin folding. 
3-3.4 Effects of tDehistonizationt on Chromosome Banding 
Because none of the banding procedures applied to 'dehistonized' CHO 
chromosomes produced good chromosome banding, it is clear that proteins 
have an important role to play in all of them. This conclusion is of special 
significance in two cases, Q-banding and C-banding. As far as Q-banding is 
concerned, as outlined in the Introduction (Chapter 1), it has previously proved 
difficult to affect the quality of banding by procedures which specifically affect 
proteins. Consequently, and despite Gottesfeld et al (1974)'s observation that 
chromatin packing affected the intensity of quinacrine fluorescence, it has been 
arguable whether proteins played any part in Q-banding. The results reported 
here make it clear that proteins do make a contribution to Q-banding. It is 
clear from the work of Wray and Stefos (1976) that Q-banding can be shown 
in unfixed chromosomes, which is not true for the other (Giemsa) banding 
procedures studied here. This means that protein extraction is not neces-
sary for Q-banding, as it is for the other procedures, and is presumably a 
reflection of the different interactions of quinacrine and Giemsa with DNA. 
Proteins are also clearly involved in the mechanism of C-banding. As C - 
banding is also a result of differential extraction of DNA from C-band and 
non-C-band regions (Pathak & Arrighi, 1973) proteins presumably influence 
the extractability of chromosomal DNA. The mechanism of C-banding is 
discussed in more detail in Chapter 6. 
The observation that 'dehistonizatjon' has little or no effect on the 
quality of the banding shown by fLxed, air-dried chromosome preparations 
is consistent with the suggestion made above (section 3-3. 2) that a con - 
formational change of some sort occurs within the chromosome during 
fixation. The properties of the proteins involved in the banding procedures 
must he altered so that they are no longer extracted by polyan ions Denatu-
ration of proteins in organic solvents results in the exposure of more 
'hydrophobic' groups on the surface of the protein, and renders them less 
soluble in water; Creighton, 1978.). It would seem that this conclusion is 
generally applicable and does not only apply to G-banding as do the results 
discussed in section 3-3. 2 
Dansyl stained dehi ston iz ed chromosomes showed non-uniform 
patterns of staining along their length. Similar patterns are observed on 
Giemsa staining of Cytospin-prepared material which has subsequently been 
fixed on the slide. These patterns resembled G-bands to some extent, may 
correspond to the 'centres of condensation' suggested by Sumner (1976h) to 
be involved in G-banding, and may be structurally related to meiotic 
chromomeres. 
3-4 : Conclusions 
1 - Fixation in 3 1 methanol/acetic acid is essential if G-banding is to 
be produced, but is not essential for C-banding. 
2 - 	The likely effect of fixation is to denature a class of nonhistone pro- 
teins extracted by 0. 1 M sodium deoxycholate or 0. 5 or 4 M NaCl, but 
not by 0. 05 M sodium deoxycholate, and having structural functions. 
Ph 
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3 - Fixed chromosomes contain proteins not present in 'dehistonized' 
chromosomes. These proteins may be associated with their DNA 
rather than the chromosome scaffold, and be responsible for the 
appearance of chromosome banding in Giemsa stained chromosomes. 
3-5 : Materials and Methods 
3-5. 1 Chromosome Isolation and Dehistoriization 
Chromosomes were isolated from cultures of CHO (Chinese hamster 
ovary) cells, supplied by Mr. Eric Thomson, essentially as described in 
Chapter 2 (section 2-5. 3). However, cells were sonicated for 80 seconds 
to disrupt cells before the isolation was carried out. Isolation was carried 
out on both fixed and unfixed cells. To dehistonize the chromosomes they 
were spun down and resuspended in dehistonization solution (2 mg/ml dcx-
tran sulphate; 0. 2 mg/ml lithium heparin; 10 mM Tris-HC1; 10 mM EDTA, 
pH 9. 0) for 90 minutes at 4 ° C before slides were prepared using the 
Cytospin (see Appendix). Fixed, air dried chromosomes preparations 
were dehistonized by immersing them in dehistonizing solution for 30 
minutes, at 40C  immediately before banding was carried out. 
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Chapter 4 : The Distribution of Protein in Landed Chromosomes 
4-1 : Introduction 
In Chapter 3 it was suggested that G-, C-, B - and Q- banding are 
regulated by proteins associated with the chromosomal DNA in fixed 
chromosomes. Two types of model have been proposed to explain the 
influence of chromosomal proteins on Giemsa staining. The first suggests 
that the staining pattern a chromosome shows depends on the distribution 
of protein within the chromosome (Daniel & Lam-Po-Tang, 1973; 
Vogel et al, 1974; Matsakuma & TJtakoji, 1976). The second suggests 
that the strc;th or nature of the interactions between proteins and DNA 
determine the intensity of Giemsa staining (Sumner & Evans, 197; 
Comings & Avelino, 1974). In this Chapter I attempt to distinguish 
between these two types of model by investigating the distribution of 
protein in banded chromosomes. Clearly, a distribution of protein 
correspQnding to the Giemsa banding pattern would be consistent with a 
model of the first kind, while any other kind of distribution, and in 
particular a uniform one, would not. The second kind of model makes 
no predictions about the distribution of proteins with chromosomes. 
Three approaches to the determination of protein disiribution 
in chromosomes have been taken in the past: autoradiography of 
radiolabelled proteins (Djondjurov et al, 1972; Gigliani et al, 1976), 
immunofluorescence (Pothier et al, 1975; Bustin et al, 1976) and staining 
of chromosomes with protein-specific dyes (Utakoji & Matsukuma, 1974; 
Matsukuma & Utakoji, 1976, 1977; Utakoji, 1976; Vogel et al, 1974; 
Deminatti et al, 1977). Of these approaches, the use of protein specific 
dyes is probably the most useful for investigations of the kind envisaged 
here. Autorad[ography has a very poor resolution at the level of 
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chromosome bunWng. Immunofluorescciice requires the isolation before-
hand of the protein to be studied. As we have no idea what proteins are 
involved in chromosome banding (beyond the approximate fractionation 
achieved in Chapter 3) immunofluoreseence of the proteins involved is 
not possible. In this Chapter, therefore, I have studied the distribution 
of protein in unfixed, fixed and banded chromosomes using a number of 
protein-specific dyes, both fluorescent and absorbing at visible wave-
lengths. I have used a variety of dyes to allow to some extent for the 
bias introduced by the specificities of individual dyes for particular 
amino acids. 
4-2 : Experiments and Results 
Detailed materials and methods for blood culture, chromosome 
preparation and chromosome banding are presented in the Appendix. 
Other materials and methods, including descriptions of the various 
protein-specific dyes, are presented in Section 4-5. 
1: Preliminary Experiments 
To investigate the suitability of the different dyes (listed in Table 
4-1) as stains for chromosomal protein, unfixed and fixed chromosome 
preparations, but not banded preparations, were stained as described in 
Section 4-5. Unfixed preparation (prepared using both hexylene glycol 
and sucrose/CaC1 2  isolation buffers (types A and B; see Appendix) were 
used. As well as standard fixed and air-dried preparations (see Appendix), 
slides of chromosomes prepared unfixed and subsequently fixed on the slide 
by immersion in 3 1 methanol/acetic acid were also used, to allow direct 
comparison of the effect of fixation on the protein distribution and content of 
chromosomes prepared in the same way. 
Table 4-1 : Results of Preliminary Experiments 
1,3 2 
Dye Specificity Staining Collapse 
Intensity 
Coomassie Blue lys, arg(asn, ++ ? 
gin, trp) 
Dansyl cliloride* lys, arg, cys, - 
tyr, his 
FITC* lys,arg(cys, ++++ + 
tyr, his) 
Fluorescam ine* lys,arg(trp) +++ + 
Lissamine flavine (pH 2. 8)* basic proteins ++±++ + 
Lissamine flavine (pH 8. O) All proteins +++ + 
Mercury orange cys ++ + 
Primulin* lys, arg, his, +±++ + 
tyr 
Procion Blue, Yellow lys, arg, tyr, + ? 
ser, thr, cys 
SITS* lys, arg(cys, ++++ + 
tyr, his) 
* stains used for banding experiments 
1 groups outside the brackets are major sites of reaction, groups 
inside the brackets are minor sites 
2 + chromosome collapse was produced by the staining solution; 
- collapse was not produced; 
staining was so faint that it was not possible to tell whether 
chromosome collapse occurred. 
3 	arg = arginine; asn = asparagine; cys = cysteine; gln = glutamine; 
his = histidine; lys = lysine; ser = serine; thr = threonine; 
trp = tryptophan; tyr = tyrosine 
The results Of these experiments are tbuiated in Table 4-1. 
The staining intensities quoted represent results obtained with both fixed 
and unfixed material. Although the fluorescence intensity for all dyes 
was very much reduced after fixation the relative intensities produced by 
the different dyes were similar. In general, staining intensity was 
adequate (i. e. +±+ or more) for the fluorescent dyes although 
fluorechromes showing lower intensities also showed relatively poor 
contrast between chromosomes and background. Visible dyes produced 
only faint staining, as did Mercury Orange and Procion Yellow of the 
fluorescent dyes. It was not considered worthwhile to study banded 
chromosomes with these four dyes, but all the other dyes were used for 
banding studies (asterisked in Table 4-1). 
Under the staining conditions used in these experiments, all the 
fluorochromes except dansyl stained chromosomes in a configuration 
which Matsiikuna & Utakoji (1976) have suggested represents the 
'collapsed' state reported by Gormley & Boss (1972). That is, 
chromosomes were stained much more intensely at their peripheries 
than in their centres (see, for example, fig 4-3) to give a halo -like' 
appearance. Chromosome collapse has been shown to occur during 
a number of banding procedures (Gormley & Boss, 1972, 1976; 
Boss & Gormley, 1973) so that the tendency of staining solutions to 
induce collapse is a disadvantage if one wants to investigate the 
conditions under which collapse occurs. 	On the other hand dansyl, 
which stained chromosomes under conditions which did not induce 
collapse, showed significantly faster fading than other fluorochromes 
on exposure to blue light. With all the fluorochromes used here there 
was a degree of background fluorescence which varied with the quality 
of the preparations. Thus with well spread methanol/acetic acid fixed 
preparations there was little background fluorescence, whereas less 
fig's 4-1 to 4-4 
	
4-1 	Unfixed chromosomes. Dansyl stained. 
4-2 	Fixed, air dried chromosomes. Dansyl stained. * 
4-3 	Fixed, air dried chromosomes after ASG treat- 
ment. Dan syl stained. * 
4-4 	Fixed, air dried chromosomes after treatment 
with cold 10 mM sodium chloride. Dansyl stained. 
* fig's 4-2 and 4-3 are the same as fig's 3-14 and 3-16, 










fig's 4-5 to 4-7 
	
4-5 	Fixed, air dried chromosomes after treatment 
with 0. 2 M hydrochloric acid for 1 hour. 
Dansyl stained. 
4-6 	Fixed, air dried chromosomes after treatment 
with 0. 2 M HC1 and 5% barium hydroxide, 55 0 C 
for 90 seconds. Dansyl stained. 
4-7 	Fixed, air dried chromosomes after treatment 
with 0. 2 M HC1 and 0. 07 M sodium hydroxide 










fig's 4-8 to 4-10 
	
4-8 	Fixed, air dried chromosomes after the complete 
BSG procedure. Dansyl stained. 
4-9 	Fixed, air dried chromosomes after the modified 
Arrighi & Hsu C-banding procedure. Dansyl 
stained. 
4-10 Fixed, air dried chromosomes after B-banding by 
the method of Sehested (1974). Dansyl stained. 




fig's 4-11 and 4-12 
4-11 Fixed, air dried chromosomes after trypsin 
G-banding and destaining in 70% ethanol. 
Dansyl stained. 
4-12 Fixed, air dried chromosomes after tryps[n 
G-banding and destaining in 50% acetic acid. 
Dansyl stained. 

well spread preparations tended to show a region of quite bright 
fluorescence around the chromosomes which presumably represented 
cytoplasmic protein that had not been removed by fixation. The con-
trast between this background fluorescence and the chromosomes was 
enhanced in photographs of dansyl stained preparations because the 
fluorescence of the background protein faded noticeably more quickly 
than the fluorescence of the chromosomal protein. 
Unfixed chromosomes showed very bright fluorescence with most 
of the fluorochromes (fig 4-1). After fixation of such preparations with 
3:1 methanol/acetic acid the fluorescence intensity was very much reduced, 
to a level similar to that shown by formal fixed air-dried preparations (fig 
4-2), which were relatively faint. Using dansyl, both fixed and unfixed 
chromosomes remained uncollapsed. 
4-2. 2 : BandingExperLments 
To investigate the effects of banding, fixed chromosome prep-
arations,  were subjected to the following banding procedures (see 
Appendix for details): G-banding by the ASG technique (Sumner et 
al, 1971) and the cold 10mM NaCl technique of Utakoji & Matsukuma 
(1974); C-banding by the techniques of Sumner (1972) (BSG technique) 
and Arrighi & Hsu (1971); B-banding (Sehested, 1974); and trypsin 
G-banding (TG-banding) either in the presence of Giemsa (after 
Sun et al, 1973) or in its absence (Seabright 1971). In each case, 
except trypsin-Giemsa banding (Sun et al, 1973), slides were either 
stained with the fluorochrome in the absence of previous Giemsa 
staining or after Giemsa staining and destaining. Initially, 
destaining was carried out with 70% or 100% ethanol. 
Table 4-2 : Results of Banding Experiments 
Treatment Fluorescence' Collapse2 Banding 
Giemsa Dansyl 
Unfixed (fig 4-1) + + -F + + + - - 	- 
Fixed (fig 4-2) +++++ - - 	- 
2xSSC, 60 0 C (fig 4-3) + + + + + G 	- 
10 mM NaCl, 40 C 
(fig 4-4) + ± + + A- 
0. 2 M HCI (fig 4- 5)  ++++ - - 	- 
HC1, 5%Ba(OH) 2 
(fig 4-6) ±++ - - 	- 
HC1, 0.07 M NaOH 
(fig 4-7) +++ + - 	- 
C-band (BSG) (fig 4-8) + + + C 	- 
C-band (Arrighi/Hsu 
(fig 4-9) ++ + C 	- 
B-banding (fig 4-10) + + + + + B 	- 
Trypsin G-banding 
(thanol destained) 
(fig 4-11) ± + G 	- 
Trypsin G-handing 
(acetic acid destained) 
(fig 4-12) ++ + G 	G 
1 fluorescence intensity is graded from + to + + + + + +, but intervals of one do 
not always represent the same difference in fluorescence. For example, the 
difference in fluorescence between unfixed (+ + + . + +) and fixed (+ + + + +) 
chromosomes was very large, while the difference between -I- + + + and+ + + 
was quite small. 
2 + chromosome collapse was produced; - collapse was not produced; 
collapse was produced to a limited extent. 
however, it was noticed that, using this destaining agent, trypsm 
G-banded chromosomes did not show G-handing after dansyl staining, 
in disagreement with the results of Matsuicuma & Utakoji (1976). 
The main difference between the two techniques was seen to be the 
destaining conditions: Matsukuma and Utakoji had used 50% acetic acid 
as a destaining agent rather than ethanol. Experiments were - therefore 
repeated substituting 50% acetic acid for ethanol so that the results 
obtained using the two techniques could be compared. 
In general, the results were the same after destatning with 
ethanol or 50% acetic acid. Results are summarised in table 4-2. 
Chromosomes stained after the ASG technique (Sumner et al, 1971) 
were collapsed but essentially uniformly stained (fig 4-3). There was 
a slight heterogeneity of stain intensity along the length of the chromo-
somes which was much smaller than that seen in G-banding with Giemsa 
and indeed was too small to show up clearly on photographs. Treat-
ment with cold 10mM NaCl for 24h (Utakoji & Matsukuma, 1974) 
never produced satisfactory G-banding on human chromosomes in my 
hands, and indeed frequently did not even produce chromosome 
collapse (fig 4-4). 
The two C-banding techniques of Sumner (1972) and Arrighi & 
Hsu (1971) produced similar results in all except the alkali treatment 
stage. Incubation in 0. 2M HCl for one hour left chromosomes 
uncohlapsed and virtually indistinguishable from untreated, fixed 
preparations (fig 4 - 5). After treatment with either warm 5% 
Ba (OH) 2 (Sumner, 1972) or with 0. 07M NaOH (Arrighi & Hsu, 1971) 
for 90 sec (figs 4-6 and 4-7 respectively) chromosomes stained much 
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more faintly. Chromosomes treated with 0. 07M NaOH were rather 
dispersed in appearance (fig 4-7) and showed the characteristic 
?collapsed' appearance whereas Ba 	treated chromosomes were 
usually uncollapsed although a small proportion appeared collapsed. 
After subsequent incubation in 2xSSC at 60 0 C chromosomes subjected 
- 	to both alkaline pretreatments were collapsed (figs 4-8 and 4-9), 
the Arrighi-Hsu technique leaving chromosomes slightly more dispersed, 
but less so than after NaOH treatment (fig 4-7). After salt incubation, 
chromosomes were perhaps slightly more faintly stained than before. 
The B-banding technique of Sehested (1974) left chromosomes in a 
very similar state to the ASG technique (fig 4-10, of fig 4-3) although 
possibly more faintly stained. 
Trypsin G-banded chromosomes treated either in the presence or 
absence of Giemsa and destained with ethanol showed very faint staining 
(which became fainter with increasing time of treatment), and had a col-
lapsed appearance (fig 4-11). Destaining with 50% (v/v) acetic acid 
resulted in chromosomes which were again faint but had a banded appear-
ance similar to the Giemsa staining pattern (fig 4-12) 
It should be emphasised that, with the exception of the 10mM NaCl 
G-banding technique of Matsukuma & Utakoji (1974) (see above) all the 
banding techniques used here produced characteristic banding patterns 
with Giemsa. In contrast, all techniques except TG-banding produced 
a longitudinally uniform staining pattern with the protein - specific dyes, 
and the heterogeneous staining with TG-banding was only observed after 
destaining with 50% acetic acid. 
Similar results were obtained after G-, C-, I- and TG-banding, 
and ethanol destaining, with chromosomes prepared unfixed (by either 
method, see Materials and Methods) and subsequently fixed on the slide. 
4-3 Discussion 
4-3.1 The hortance of De S pecificity to These Experiments 
A description of the specificities of the dyes used in these studies 
is included in the Materials and Methods section (4-5). With the exception 
of Mercury Orange, which specifically stains sulphydryl groups (Bennett, 
1951) the dyes used in these studies generally react with basic amino acids 
(Fazekas de St Groth et al, 1963; Hartley & Massey, 1956; Maddy, 1964; 
Udenfriend et al, 1972; Leemann & ]Ruch, 1972; Keienyi, 1967), although 
it is not generally true to say that they react with specific amino acids. 
Fluorescamine seems to be the most specific (Udenfriend et al, 1972) but 
this dye, along with Lissamine Flavine, seems to be sensitive to the 
interactions between its target amino acid(s) and DNA (Bode & Willmitzer, 
1975; Leemann &fluch, 1972). 
As was mentioned in the Introduction, dye-binding studies only 
accurately reflect the distribution of total protein if the groups with 
which the dye(s) react are uniformly distributed between all the proteins 
studied. While this can never be true, it is perhaps an advantage if a 
dye does not show a very high specificity, as the proportion of basic 
amino acids is more likely to be similar between proteins than the 
proportion of, say, lysine. 
It is important to be able to distinguish between the distribution 
of proteins and the distribution of individual amino acids in these 
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experiments, because there is no obvious reason why there should be 
any relationship between the distribution of individual amino acid and 
the Giemsa staining pattern, even in models that predict a non-uniform 
distribution of total protein after banding procedures. Similarly,with 
respect to the extent of the protein extraction occurring during a 
procedure) the difference in fluorescence between chromosomes sub-
jected to different treatments might reflect only the extraction of a 
proportion of the basic amino acids. This point is particularly 
important when the effects of fixation are considered. 3:1 methanol/ 
acetic acid fixation extracts a high proportion of the total histone 
(Brody, 1974; Sivak & Wolman, 1974; Betief & Ruchel, 1977) and as 
histones are the most basic nuclear proteins, this would be expected 
to have a very large effect on the amount of dye bound to chromosomes. 
To circumvent this sort of problem to some extent, I have used a 
variety of dyes in these experiments. However, as basic dyes are 
unsuitable for staining chromosomal proteins, as they would tend to 
interact with DNA, all of the dyes I have used interact mainly with 
basic groups. 
4-3.2: Chromosome Collpse 
One phenomenon that staining with protein-specific dyes shows 
up particularly well is chromosome collapse. This phenomenon was 
first described by Gormley & Ross (1972) in shadowed preparations of 
G-banded chromosomes. In this and subsequent papers (Ross & 
Gormley, 1973; Gormley & Ross, 1976) these workers showed that 
chromosome collapse occurs after 2xSSC treatment in G-banding by 
the ASG technique (Sumner et al, 1971), at the same stage in C-banding 
fig 4-13 
4-13 The process of chromosome collapse as visualized 
by Gormley & Ross (1976). The top figure shows a 
transverse section of an uncoilapsed chromosome. 
During chromosome collapse, material flows, as 
indicated by the arrows, resulting in an arrange - 
ment of material similar to that shown in the lower 
figure. When a collapsed structure such as the 
lower figure is stained with a protein-specific 
fluorochrome a 'halo' of fluorescence is seen 





by the BSG technique (Sumner, 1972), during Q-banding (CasperssOfl et al, 
1968) and during trypsin treatment. Subsequently, Matsukuma & Utakoji 
(1976) described a staining pattern observed with clansyl which they con-
sider to represent chromosome collapse and which is the same as that 
observed after all the banding procedures carried out here (see fig 4-3). 
A similar pattern can be seen using the visible dye Haematoxylin (Barnett 
et al, 1973) or under the phase contrast microscope. 
The fact that chromosome collapse can be visualised by such 
diverse techniques suggests that it corresponds to the redistribution 
of the chromosomal material in toto , rather than a redistribution of 
chromosomal protein alone, for example. Gormley & Boss (1976) 
have suggested that chromosome collapse corresponds to the physical 
collapse of the chromosome, and the flowing outwards of the 
chromosomal material, resulting in a ridge of material surrounding 
a central depression (fig 4-13). They also suggest that this may result 
from the loosening of salt linkages within the chromosome structure. 
It is possible that chromosome collapse results from the replacement 
of structural divalent cations, such as C a2+ and 2+ , by monovalent 
ions, especially Na+  or  K+, taken from the incubation medium. 
Divalent cations certainly seem to have some role to play in maintain-
ing chromosome structure (Bis, 1975) and nuclear integrity (Monneron 
et al, 1972; Kellermayer et al, 1974), and they may mediate some 
DNA-protein interactions (Kellermayer et al, 1974). The fact that 
chromosome collapse is induced by treatment with NaOH during the 
Arrighi Hsu C-banding technique (Arrighi & Hsu, 1971), but not by 
Ba (OH)2 treatment in the BSG technique (Sumner 1972), seems to be 
consistent with this idea; Ba 2 , being a divalent cation itself, would be 
more likely to preserve the uncoflapsed state than Na. Recent results 
of X-ray microprobe analysis of banded chromosomes show that Ca 2+ 
ions (or E a2+ions  in the BSG technique) are extracted by treatments 
which induce collapse (Sumner, 1977a, 1978), which again is consistent 
with a role for divalent cations. 
Dcv et at (1972b) have suggested that the induction of G-bands by 
proteolytic enzymes may result from the extraction of divalent cations 
from chromosomes. Although proteolytic activity does, in fact, seem 
to be the most important single factor in trypsin G-banding 
(Lundsteen et al, 1974; Korf et al, 1976), the chelating ability of 
trypsin might still play some role in the disruption of chromosome 
structure during trypsin G-banding (Korf et al, 1976). This role might 
be the induction of chromosome collapse. 
The importance of chromosome collapse in chromosome banding 
is not at all clear. In the experiments described here, banding was 
never seen in the absence of collapse, but collapse was always seen in 
the absence of banding. A possible interpretation of this pattern of 
observations would be that collapse is a necessary but not sufficient 
precondition for the production of banding. There must clearly be 
other processes occurring during the production of banding patterns 
because the patterns of staining shown by fiuorochrome stained G-, 
C- and R-banded chromosomes are identical. 
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4-3. 3 	Protein Extraction 
The effects of fixation and the various banding procedures were 
as would have been expected from previously published results. The 
large difference in fluorescence between unfixed and fixed chromosomes 
is consistent with results showing large scale extraction of histones from 
nuclei during fixation Brody, 1974; Sivak & Wolman, 1974; fletief & 
fltichel, 1977) and the undetectability of histones in fixed chromosomes 
by histochernical methods (Sumner et al, 1973). Some biochemical results 
have suggested that fixation extracts only a small proportion of the histones 
Comings & Avelino, 1974; Dick & Johns, 1967, 1968), while immuno - 
fluorescence experiments suggest that histones are retained on chromo-
somes after fixation (Pahir et al, 1975; Bustin et al, 1976). The results 
of Dick and Johns (1967, 1968) were obtained using 3:1 ethanol/acetic 
acid, which might be a reason for the discrepancy, but there is no 
obvious reason why the results of Comings & Avelino (1974) should be 
so different from those of other workers. The biochemical studies of 
Brody (1974), Sivak and Wolman (1974) and Retief and Rtichei (1977) 
allow that at least 10% of the total histones might be retained on 
chromosomes after fixation, which might in part explain the immunofluo-
rescence results. Cross-reactivity of histone antibodies for nonhistone 
proteins might have contributed to the intensity of immunofluorescence 
in these studies, particularly because histones are poor immunogens 
so that the presence of even trace amounts of nonhistone impurities 
in the original inocula would have resulted in considerable amounts 
of cross-reactivity (Bustin, 1977). 
Protein extraction by the various banding procedures has been 
studied by Comings et al (1973) and Sumner et al (1973). Tn two cases 
the results of Comings et al (1973) disagree with those represented in 
table 4-2. Whereas fluorochrome staining suggests a large loss of 
protein during trypsin treatment in trypsin G-banding and during the 
alkaline treatment stage of the C-banding procedure, the results of 
Comings et al (1973) suggest only relatively small losses of material 
during these treatments. The differences may be because the two sets 
of experiments showed up different groups: Comings et al (1973) used 
3H-leucine labelled proteins while the fluorochromes used in my study 
stain mainly basic groups (lysine and arginine). As a result, studies 
which employ fluorochromes will be particularly sensitive to the loss 
of basic proteins (such as the histones) while Comings et al (1973)'s 
study probably gives a better picture of the total protein. The results 
with trypsin G-banding may also reflect the fact that trypsin attacks 
regions of proteins that are rich in lysine and arginine, and thus would 
preferentially destroy binding sites for fluorochromes while leaving 
regions containing leucine relatively untouched. 
4-3.4 : Protein Distributions 
As was pointed out in the Introduction to this Chapter, it is an 
inevitable consequence of models of banding that involve large scale 
differential extraction of protein that a heterogeneous distribution of 
protein should be observed after banding has been carried out. The 
only case in which such a heterogeneity appears to have occurred is 
that of trypsin G-banding (fig 4-12), but the staining pattern may not in 
fact reflect such a heterogeneity. Gormley and loss (1976) reported that, 
whereas chromosomal collapse was reversible at low pH pH 2.61 after 
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most treatments, it wrs only partially reversible after trypsin treatment. 
The 50% acetic acid solution used for destaining is about 8.3M and has 
a pH of approximately 1. 3, so it would be expected to produce a similar 
effect. The banding pattern observed after trypsin G-banding may 
therefore reflect a differential reversal of collapse ('restructuring') 
rather than a differential extraction of protein as suggested by 
Matsukuma & Utakoji (1976). If this were true, it would indicate that the 
proteins involved in restructuring in the positive and negative G-band 
regions differ in their susceptibility to trypsin digestion, either because 
the proteins themselves are different, or because the same protein is 
more exposed in light than in dark bands. 
The results of Gigliani et at (1976), who observed a distribution 
of 3H-lys[ne similar to the G-banding pattern after trypsin treatment, 
seem, like those of Matsukuma and Utakoji (1976) to provide evidence 
that a heteregeneous distribution of protein is induced by trypsin treatment. 
It is not obvious why these results should be inconsistent with those 
obtained with fluorochromes. On one hand, it is possible that the relative 
unspecificity of dansyl (section 4-5. 2) is masking a real heterogeneity 
in the distribution of lysine, or that the dye is not being bound more in 
regions of higher lysine concentration because of the formation of salt 
links between lysine and DNA, as occurs with fluorescamine (Bode & 
Willmitzer, 1975) and lissamine flavine (Leemaan & Ruch, 1972). 
On the other hand, it may be that the heterogeneous distribution seen by 
Gigliani et at (1976) was not real, but reflected the poor resolution of 
autoradiography as a technique, or inadequate statistical analysis of 
the results. 
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Matsukunia & Utakoji (1977) reported bright centromeric 
fluorescence in dansvl stained mouse chromosomes after 0. 2 M HCl 
treatment, but a similar result was not obtained with Chinese hamster 
chromosomes (Matsukuma & Utakoji, 1976) and no such observation 
was made in the experiments reported here on human chromosomes. 
The results with mouse chromosomes may be a result of the better 
correspondence between C-banding and satellite DNA distribution in 
mouse than in human chromosomes (Gosden et al, 1975) or Chinese 
hamster chromosomes (Arrighi et al, 1974). Histones bind more 
tightly to satellite than to main band DNA (Maio & Schildkraut, 1969), 
so the centronieric fluorescence might reflect a real difference in the 
extraction of histone, or of other protein, between the arms and the 
C-bands. Clearly this has little effect on the production of C-banding 
itself, because such an uneven distribution of protein could not be 
shown in my experiments with human chromosomes at any stage of 
either C-banding procedure. 
It may seem surprising that C-banding can leave a uniform 
distribution of protein when differential extraction of DNA occurs 
between the arms and the C-bands (Pathak & Arrighi, 1973; Chapter 6). 
However, in Chapter 3 it was suggested that there may be some 
relationship between the organization of fixed and 'dehistonized' 
chromosomes, and that fixed chromosomes may be organized around 
a chromosome scaffold similar to that described by 1 aeninili and his 
co-workers (Adolph et al, 1977a, b; Paulson & Laemmui, 1977). If 
DNA is organized into loops by a core of nonhistone proteins, it is 
easy to imagine that the susceptibility of the DNA to degradation 
during C-banding could be independent of the protein distribution 
within the scaffold. 
6(1 
As mentioned earlier (see Results), there seemed to be a slight 
heterogeneity along the length of G- and B-banded chromosomes. 
This might reflect the slight heterogeneity of chromatin distribution 
observed in whole mount chromosome preparations (Bahr et al, 1973), 
or a heterogeneity in the distribution of protein within the chromosome 
scaffold (see Paulson & Laemmli, 1977) which might be effectively the 
same thing. In any case this heterogeneity cannot play any significant 
part in banding, both because it is too small (Comings et al, 1973) and 
because both G- and B-banded chromosomes show the same fluorochrome 
staining pattern, as far as can be discerned by eye. 
In summary, the results described in this Chapter show clearly 
that a heterogeneous distribution of total protein is not a prerequisite 
of the production of banding patterns. They do not, however, exclude 
the possibility that differential extraction can occasionally occur at the 
same time as banding, or the possibility that individual nonhistone 
proteins may be heterogeneously distributed along the chromosomes. 
4-4 Conclusions 
1 - In agreement with the large body of evidence based largely on 
studies of interphase nuclei, the results suggest that a large 
proportion of the chromosomal histones are extracted by 
methanol/acetic acid fixation. 
2 - Of the banding techniques, C-banding and trypsin G-banding 
extract the greatest amount of protein. The results disagree 
with those based on labelling proteins with 3 J1-leucine, and 
may overestimate the degree of protein extraction because of 
the weight they give to basic amino acids. 
67 
fig's 4-14 to 4-17 
4-14 Molecular formula of Coomassie Blue 
4-15 Molecular formula of dansyl chloride 
4-16 Molecular formula of FITC 
(fluorescein isothiocyariate) 
4-17 Molecular formula of SITS 
4-acetamido isotiocyanato stilbene - 2, 2 - 
disuiphonic acid) 
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3 - None of the banding techniques investigated here or elsewhere, 
with the possible exception of C-banding in the mouse, produces 
a heterogeneous distribution of protein along the length of the 
chroosome. The results are inconsistent with models of 
banding based on differential extraction of total protein. 
4 - The banding pattern observed with trypsin G-banding and 50% 
acetic acid destaining probably reflects differential restructuring, 
and hence differential susceptibility of proteins to trypsin 
digestion, in light and dark G-bands, rather than differential 
extraction of protein. 
5 - Chromosome collapse, which may result from the disruption 
of salt links involving divalent cations within the chromosome, 
could be a prerequisite for banding, but other processes must 
also occur before banding can be revealed. 
4-5 Materials and Methods 
Methods for blood culture, chromosome preparation and banding 
techniques are presented in the Appendix. The present section includes 
descriptions of the various protein specific dyes used in these studies, 
as well as descriptions of the staining techniques employed. 
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4-5.l:Coornassie Blue (C.I. 42655) (fig 4-14) 
Coomassje blue interacts with protein amino groups. 
The initial interaction is an electrostatic one, but the complex is 
stabilized by Van der Waals (London) interactions to make it very useful 
+ C. I. : Colour Index numbers as quoted in Lillie (1977) 
for staining electrophoretic gels (Fazekas de St Groth et al, 1963). 
Its main interactions are with lysine and arginine, but it may also 
interact with asparagine, glutamine and tryptophan. 
Staining technique: slides were stained with a 0. 025% (w/v) solution 
of Coornassie Blue (Coornassie brilliant blue B250; BDH) in deionised 
water for lh at room temperature (20_250C),  rinsed with deionised 
water, and mounted either in Depex or immersion oil. 
4-5.2: Dansyl chloride (1 -dim ethylaminonaphthalene-5-sulphonyi 
chloride) (fig 4-15) 
Dansyl is capable of reacting with the lysine i-amino group, 
cysteine, tyrosine, and histidine (Hartley & Massey, 1956), but blocking 
of amino groups in fixed chromosomes almost completely eliminates 
fluorescence, suggesting that it reacts primarily with lysine (and 
possibly arginine) under the conditions employed here (Utakoji & 
Matsukuma, 1974), Dansyl fluorescence has been shown to correlate 
well with lysine content under cytological conditions (Bingertz, 1968; 
flosselet & Ruch, 1968). 
Staining technique: slides were stained in a 1:1 mixture of 0.3% (w/v) 
dansyl chloride (13DB) in acetone and 0. 2M NaHCO3 in deionised water 
at 370 C for 2h or overnight (after Utakoji & Matsukuma, 1974) rinsed 
in 50% (v/v) acetone, dehydrated in acetone, and mounted in Depex. 
4-5.3; FITC (Fluorescein isothiocyanate) (fig 4-16); 
SITS (4-acetam ido isothiocyanato stilbene-2, 2-disuiphonic 
acid) (fig 4-17) 
These two dyes are isothiocyanates and can thus be expected 
to share a common reaction mechanism. Under mild aqueous conditions 
"isothiocyanates react with amino, salphydryl, tyrosyl, histidyl and 
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fig's 4-18 to 4-20 
4-18 Molecular formula of fluorescamine, showing 
the conversion into the fluorescent form on 
reaction with amino groups 
4-19 Molecular formula of lissamine fluorine 
4-20 Molecular formula of mercury orange 
4-18 Fluorescamine 
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sometimes guanidvi groups" (Maddy, 1964). Hydrolysis of dye-protein 
conjugates has suggested that the lysine £- amino group is the most 
likely site of conjugation to proteins (Fothergill, 1969). However, at 
low dye:protein ratios more specific reactions may occur which depend 
on the conformation of the protein and the activity of individual amino 
groups in the environments in which they find themselves (Fothergill, 
1969). 
Staining techniques: FITC (Gurr Products, High Wycombe, Bucks.) - 
slides were stained with 0.05% (w/v) FITC in 0.5 M NaHCO3 for 30 mm 
at room temperature (Crissman et al, 1976), rinsed, and mounted in 
1:1 glycerol/saline or Depex. 
SITS (BDH) - slides were stained with 0.1 mM SITS 
in deionized water for 5 mm (Cornelisse & Ploem, 1976), rinsed and 
mounted in Depex. 
4-5.4: Fluorescamine (4-eny1spiro (furan-2(311), 1 1 -phthalan)-3, 
3 1 -dione) (fig 4-18) 
Fluorescamine (Polysciences, Warrington, PA) was introduced 
as a sensitive reagent for the detection of amino groups (Tidenfriend et 
al, 1972) and it does not seem to show many side-reactions, although 
Nakamura & Pisano (1976b) have reported that it can also react with 
tryptophan. Fluorescamine itself is non-fluorescent, but on reaction 
with primary amines a fluorescent product is produced (Ulenfriend et 
al, 1972). Bode & Willmitzer (1975) have shown that fluorescamine 
will not react with amino groups involved in salt links with DNA 
phosphates. 	Its use has been described in a fluorometric 
assay for proteins (Nakamura & Pisano, 1976a), investigation of 
protein-DNA interactions (Bode & Wiflmifzer, 1975), and its use as 
a histoc.hemicai reagent is being explored (1-lakanson et al, 1974; 
Larsson et al, 1975; Bruni et al, 1977; Suncller et al, 1978). The 
method for fluorescamine staining described here was arrived at 
independently, from the conjugation technique of Nakamura & Pisano 
(1976a), but is similar to that of Bâkanson et al (1974). 
Staining technique: two or three drops of 0. 02% (w/v) (2 mg in 10 ml) 
fluorescamine in acetone were used to flood the slide. The acetone 
was allowed to evaporate off and the slide rinsed in acetone to remove 
unbound fluorescamine. Slides were mounted in 1:1 glycerol/saline 
or Depex. 
4-5.5 : Lissamine Flavine (Brilliant Sulfaflavine) (C. I. 56205) 
(fig 4-19) 
Lissamine flavine is reported to interact electrostatically with 
basic proteins at pH 8. 0 and all proteins, except very acidic ones, 
at pH 2. 8 but blocking reactions did not provide unambiguous infor- 
mation about which amino acids are involved in the reactions (Leemanu 
& Ruch, 1972). Ideally, DNA should be extracted before staining for 
basic proteins (i. e. histones) at pH 8. 0, but for these experiments 
this was not done so that chromosomes could be studied in as near their 
native or banded states as possible. 
Staining technique: slides were stained in 0. 17c (w/v) lissamine flavine 
(Raymond A Lamb, Wembley, Middlesex) in either Gomori buffer pH 8. 0 
(0.1MTris, 0.05MHC1), or Mdfivaine buffer (0.0875M Citric Acid, 
0. 025 M Na2 HPO4 in 3.125% Methanol) pH 2. 8, in each case 
diluted ten times (Ruch, 1970). 	Staining was carried out for 30 mm 
at room temperature. Slides were then rinsed with deionised water and 
mounted in Depex. 
fig's 4-21 and 4-22 
4-21 Molecular formula of the major component of 
Primulin 
4-22 General molecular formula of the Procion dyes 
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4-5.6: _M e rcury Orange (1-(4-ehloromercuriphenylazo)-naphthol--2) 
(fig 4-20) 
Mercury orange reacts specifically with suiphydryl groups, via 
its Mercury atom, to form rnercaptides (Bennett, 1951). It was intorduced 
as a visible dye by Bennett (1951), but was subsequently shown to be more 
sensitive as a fluorescent dye (Burns, 1967). 
Staining technique: slides were first rinsed in dirnethylformamide (BDFI) 
and then stained in 0.01% (w/v) mercury orange (Sigma), 20% (w/v) phenol 
in dimethylformamide overnight. They were then rinsed again in dimethyl-
formamide and mounted in Depx (Ruch & Ieemann, 1973). 
4-5 ,  7 Prirnulin(C.J. 49000) (fig 4-21) 
Primulin is a mixture, consisting mainly of the acidic thiazole dye 
shown in the figure; this might be expected to react with basic groups such 
as lysine, arginine, histidine and tyrosine (Kelenyi, 1967). Primulin was 
used as an alternative to SITS by Cornelisse & Ploem (1976) to stain cell 
nuclei. 
Staining technique: slides were stained with 0. 05M primulin (Gurr) in 
deionised water for lb at room temperature (Cornelisse & Ploem, 1976), 
rinsed, and mounted in Depex. 
4-5. 8: Procion Dyes (fig 4-22) 
vP roc ion  (or 'Cibacron') dyes are highly reactive and will combine 
with hydroxyl, amino, amido and thiol groups and also possibly the peptide 
bond in proteins (Fazekas de St. Groth et al, 1963; Hopwood and Mellors, 
1973). There are two types of Procion dye, the mono- and dichloro deri-
vatives, of which the latter have been shown capable of producing protein-
protein corsslinking (Hopwood & Mellors, 1973). Procion dyes are gene-
rally visible dyes, Procion Blue being typical, but Procion Yellow is 
fluorescent (Payton, 1970). 
Staining lechniquc: slides were stained with 4 (w/v) Piocion Blue (Gu rr) 
or Procion Yellow (Griffin & George, Wembley, Middlesex) in delonised 
water for lb at room temperature (Hopwood & Mcllors, 1973), rinsed,and 
mounted in Depex. 
Chapter 5 The Effects of Crosslinking Agents on Chromosome Banding 
5-1 : Introduction 
Although the results of earlier studies imply that chromosomal 
proteins play an important part -in chromosome banding (Chapter 1), few of 
them produce any direct evidence of this. One way of providing such evi-
dence would be by specifically modifying proteins and demonstrating a 
concomitant alteration in chromosome banding properties. This approach 
was taken by Utakoji (1973), who showed that banding could be induced by 
disulphide oxidation, and by Sumner (1974), who oxidized and reduced 
chromosomal suiphydryl groups and showed that chromosomes which had 
been reduced stained faintly with Giemsa, while chromosomes that had been 
oxidized, to produce disulphide bonds, stained more darkly. Banding was 
inhibited in both cases. Sumner (1974) suggested that regions that stain 
darkly in banded chromosomes are more extensively stabilized by protein 
disulphides than regions that stain lightly. This suggestion was consistent 
with a model of Giemsa binding which suggests that the tertiary structure of 
the DNA in a particular region of a chromosome was critical in determining 
its ability to bind Giemsa (Sumner & Evans, 1973). Experiments by 
Kosztolanyi and Bih1er (1978), using the sulphydryi crosslinking agent 
2, 2 1 - dithiopyridine in vivo , also point to a role for sulphydryls in chromo-
some banding. The suggestion that protein sulphydryls play a role in chro-
mosome structure is, of course, not a new one. Dounce et al (1973) have 
proposed a model of chromosome organization involving suiphydryls, and 
there is some evidence that sulphydryls may be involved in chromatin fold-
ing and condensation (eg, Sadgopal & Bonner, 1970b ; Ide et al, 1975; 
McCormack & Johnston, 1977). 
If the primary effect of the disulphide bonds induced by oxidation in 
the above experiments were indeed to stabilize the protein-DNA complex in a 
conformation in which it could bind Giemsa, it should be possible to achieve 
the same effects using other crosslinking agents. Furthermore, by using 
crosslinking agents with different bridge lengths, it might be possible to draw 
some conclusions about the spacings of groups involved in stabilizing the 
structure. In this Chapter, I have investigated the effects of crosslinking 
agents known to interact with proteins and/or DNA on the expression of chro-
mosome banding in order to discover whether protein-protein or protein-DNA 
crosslinking is more effective at preventing banding, and thus what the rela-
tive contributions of protein-protein and protein-DNA interactions in chromo-
some banding are. Because the reactions of some of the protein-protein 
crosslinking agents used here with DNA have not previously been investigated, 
and in order to establish that crosslinking can in fact be produced under the 
conditions employed, I have also investigated the abilities of all these cross-
linking agents to produce both protein-protein and protein-DNA crosslinking in 
solution. To do this, I have used SDS-poiyacrylamide gel electrophoresis to 
detect increases in molecular weight of bovine serum albumin (BSA) resulting 
from protein-protein crossi inking. To investigate protein-DNA crosslinking 
I have used CsCI equilibrium density gradient ultracentrifugation to detect 
changes in the buoyant density of calf thymus DNA resulting from the formation 
of complexes with BSA. 
5-2 Experiments and Results 
Details of conditions used to introduce crosslinks, and of the 
electrophoresis and ultracentrifugation systems, are described in the Materials 
Table 5-1 Characteristics of the Crosslink[n Aents 
Crosslinking Agent Reactive Group Bridge Length 	(A) 
Cupric Phenanthroline Suiphydryl 2 
DEPC Amino carboxyl 1.5 
DFDNB Amino, tyrosyl 5-6 
DMM Amino 5 
DMA Amino 9 
DMS Amino 11 
Carbodi imide Carboxyl, sulphydryi, amino, 
imino 2-3 
Formaldehyde Amino, imino, guanidyl 
phenolic, imidazole, indole 3 
Glutaraldehyde Amino, phenolic, imidazole, 
sulphydryl 9 
UV Indeterminate 2 
fig 5-1 
5-1 	Densitometric traces of SDS polyacrylamide 
gels of bovine serum albumin: 
control (no crosslinking agent) 
after crosslinking with formaldehyde 
after crosslinking with glutaraidehyde 
control gel run in the presence of 




5-2 	Densitometric traces of SDS polyacrylamide 
gels of bovine serum albumin: 
control (no crosslinking agent) 
crosslinked with dimethyladiptmidate (DMA) 
C) cro ssi inked with dimethylmalonimidate (DMM) 




5-3 	Densitometric traces of SDS polyacrylamide 
gels of bovine serum albumin: 
crosslinked with EDAF-carbodiimide 
crosslinked with di ethylpy ro carbonate (DEPC) 
cros si inked with dLfluorodinitrobenz ene (DFDNB) 




5-4 	Densitometric traces of SDS polyacrylamide 
gels of bovine serum albumin: 
pH 7 control 
crosslinked with copper/phenanthroline at pH 7 
and run in the absence of 2-mercaptoethanol 
C) crosslinked with copper/phenanthroline at pH 7 
and run in the presence of 2-mercaptoethanol 
pH 8 control 
crosslinked with copper/phenanthroline at pH 8 
and run in the absence of 2-mercaptoethanol 
crosslinked with copper /ph enanthrol ine at pH 8 
and run in the presence of 2-mercaptoethanol 
Table 5-2 : Effectiveness of the Crosslinking Agents in the Model Systems 
Crosslinking Agent 	Type of Crosslinking 
Protein-Protein 	 Protein-DNA 
Intermolec. 	Intrarnolec. 
Formaldehyde ± 	 + + + + + 
Gtutaraldehyde + + -i- + + + + 
DMM + - 
DMA ± - 
DMS + - 
EDAP-carbodiimide -i-+ -i- + + 
DEPC +++ 
DFDNB - - 
Ultraviolet light + + + + + -i- + + 
Cu/PA, pH7 - 	 + - 
Cu/PA, pH8 + 	 + - 
Number of +tS  indicates degree of crosslinking 
* A small peak appeared at 1. 652 g. cm -3 which might suggest the 
occurrence of a little crosslinking. 
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and Methods section (5-5). The specificities of the reagents are described 
in table 5-1. Detailed materials and methods for blood culture, chromosome 
preparation and chromosome banding are presented in the Appendix. 
5-2. 1 : Protein-Protein Cros slinking 
To investigate the abilities of the different crosslinking agents to 
produce crosslinking under the chosen conditions, solutions of 2 mg/ml BSA 
(total volume 2 ml) were incubated in the presence of each of them under the 
same conditions as were used for treating slides prior to handing. The solu-
tions were then subjected to SDS polyacrylarnide gel electrophoresis (see 
Materials and Methods for details). Gels were overloaded with BSA so that 
the production of even small amounts of crosslinking could be visualized. 
The results of these experiments are summarised in table 5-2, 
while densitometric traces of gels are presented in fig's 5-1 to 5-4. There 
are two types of effect that can be seen to result from treatment of BSA with 
crosslinking agents: accumulation of material in regions corresponding to 
high molecular weights, and increases in the mobilities of the fastest 
(monomer) protein band. The extent to which different crosslinking agents 
produced accumulation of high molecular weight material varied considerably. 
Whereas treatments with glutaraldehyde and UV light almost completely 
removpd the monomer band and produced a large amount of material that 
accumulated at the top of the gel, other reagents, such as difluorodinitro-
benzene (DFDNB) and copper/phenanthroline (Cu/PA) at pH 7, produced no 
visible accumulation of high molecular weight material. On the other hand, 
many of the reagents which produced little high molecular weight material did 
produce an apparent decrease in molecular weight which can be explained by 
fig's 5-5 to 5-10 
5-5 to 5-10 
Analytical caesium chloride density gradient 
profiles of bovine serum albumin/Calf thymus 
DNA mixtures treated with: 
formaldehyde (fig 5-5) 
glutaraldehyde (fig 5-6) 
DMM (fig 5-7) 
DMA (fig 5-8) 
DMS (fig 5-9) 
EDAP-carbodiimide (fig 5-10) 
Solid line represents the experimental gradient, 


















fig's 5-11 to 5-15 
5-11 to 5-15 
Analytical caesium chloride density gradient 
profiles of bovine serum albumin/Calf thymus 
DNA mixtures treated with: 
DEPC (fig 5-11) 
DFDNB (fig 5-12) 
UV light (fig 5-13) 
copper phenathroline at pH 7 (fig 5-14) 



















intramolecular crosslinking (see Discussion; Section 5-3.1). 
5- 2.2: Protein-DNA Crosslinking 
To investigale the abilities of the different reagents to produce cross-
linking, 2 ml solutions containing BSA and Calf thymus DNA, both at final 
concentrations of 0.01 mg/nil, were incubated in the presence of each of the 
crosslinking agents under the same conditions used in the other two series 
of experiments. The crosslinked solutions were then dialysed against 0. 01 
M Tris-HC1 buffer, pH 7, to remove the remaining free crosslinking agent, 
and thus stop the reaction, and also to standardize the conditions in all the 
gradients. The solutions were then subjected to CsC1 equilibrium density 
gradient ultra centrifugation (see Materials and Methods) to separate protein-
DNA complexes, produced by crosslinking, from uncomplexed DNA. 
Gradient profiles at 254 nm for the various crosslinked solutions and 
controls are shown in figs 5-5 to 5-15 and the results are summarized in 
table 5-2. The marked DNA peak in control gradients had a buoyant density 
of 1.703 ± 0.002 (Sd) g. CM-3  and the value for experimental gradients was 
1.702 (0.O02), compared with a published value of 1.699 (Maio, 1976). 
Many of the crosslinking agents investigated in these experiments 
had no effect on the size or position of the sample DNA peak. DEPC (fig 5-I1) 
produced a minor peak at 1. 652 g. cm -3 which might reflect a small amount 
of crosslinking. Of the other reagents, glutaraldehyde produced a noticeable 
decrease in the size of the DNA peak (fig 5-6) while formaldehyde, carbodii-
nude and ultraviolet light removed the DNA peak almost completely (figs 5-5, 
5-10, 5-12). 
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5-3 : Effects of Crosslinking Agents on Chromosome Banding 
Crosslinking Agent 
	
Banding Technique 	 Collapse 










Cu/PA (both pH's) 
- - - +4- - - 
++ +++ +++ -H-+ +++ + 
+++ +++ +++ +++ + + 
++ -H'- -H- +++ + + 
+++ ++ +++ -H-+ -H- + 
+2 + + +++ + - 
+ - - - - 
+++ +++ +-I-+ +++ ++ + 
1 number of -I-'s indicates quality of banding; - indicates no banding 
2 collapse slightly reduced compared to control 
uv irradiation alone induced collapse 
5-2.3 : Band ingExppriments 
The effects of crosslinking on banding produced by the following pro-
cedures were investigated: G-banding by the ASG technique (Sumner et al, 1971); 
trypsin G-banding by the trypsin-Giemsa technique (Sun et al, 1973); B-banding 
Sehested, 1974); C-banding by the BSG technique (Sumner, 1972) anc: Q-banding 
(Caspersson et al, 1968). Crosslinking was carried out on methanol/acetic acid 
fixed preparations (Evans et al, 1971) immediately before they were banded, so 
that studies reflected the states of the chromosomes at the time that banding was 
carried out. The crosslinking agents used, and the results obtained, are pre-
sented in table 5-3. Formaldehyde, glutaraldehyde and ultraviolet light pre-
vented banding almost completely, although some Q-banding could still be 
obtained. Other reagents had smaller effects. EDAP-carbodiimide reduced 
the quality of all types of banding except Q-banding. DMS, DFDNB and DEPC 
affected the quality of two types of banding each: B- and trypsin G-banding for 
DMS, C- and trypsin G-banding for DFDNB and DEPC, although DFDNB had 
more effect than DEPC on these two types of banding. The other three rea-
gents, DMM, DMA, and copper phenanthroline ) affected only one type of band-
ing each (G-banding for DMM, trypsin G-banding for the other two), DMA 
having the biggest relative effect. 
Generally, the effect of a crosslinking agent on banding was similar 
whichever banding technique is considered, although Q-banding seemed to be 
less easily affected, and trypsin G-banding more easily affected, than other 
techniques. There did, however, seem to be certain crosslinking agents 
which had specific effects on specific banding techniques. In particular, the 
effects of difluorodinitrobenzene (DFDNB) on C-banding and dimethyisuberi-
midate (DMS) on B-banding seemed to be greater than their effects on other 
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banding procedures. 
Where banding was absent (marked I - in table 5-3) chromosomes 
were darkly stained and compact in appearance, with the exceptions of chro-
mosomes irradiated with ultraviolet light (UV) which stained faintly with Giemsa 
and were collapsed even in the absence of subsequent treatment. -Only 
glutaraldehyde was successful in inhibiting chromosome collapse (as judged 
by dansyl fluorescence; see section 4-5. 2 for the staining technique) although 
difluorodinitrobenzene (DFDNB) seemed to have a slight inhibitory effect. 
Indeed, many crosslinking solutions induced collapse in otherwise untreated 
chromosomes. Where this occurred, the quality of banding was impaired. 
Control slides were treated with the same buffer used to dissolve the cross-
linking agent so that this effect could be allowed for. 
5-3 : Discussion 
5-3.1 Protein-Protein Crosslinkig 
It has been shown empirically that the rate of migration of proteins 
through polyacrylamide gels on electrophoresis in the presence of SDS is 
proportional to the logarithms of their molecular weights (Shapiro et al, 1967; 
Weber & Osborn, 1969). A detailed molecular explanation of this effect is 
not yet possible. Although it is known that, at saturation, SDS forms a com-
plex with proteins which has the same mass ratio (SDS protein) of 1. 4 for 
nearly all proteins (Pitt-Rivers & Ipiombato, 1968; Reynolds & Tanford1970a), 
there are a number of models of the structure of the saturated SDS-protein 
complex (Reynolds & Tanford, 1970b; Shirahama et al, 1974; Wright et al, 
1975; Mattice et al, 1976). Nevertheless, it is clear that the result of SDS 
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binding is to make molecular size a function only of molecular weight, and to 
swamp any differences of charge possessed by the uncomplexed molecules, 
so that the relative mobilities of the molecules can be explained simply in 
terms of sieving effects (Reynolds and Tanford, 1970b). Clearly, the intro-
duction of crosslinks between molecules produces complexes of higher mol-
ecular weight, allowing the results of eros slinking to be visualized directly. 
This approach was first taken by Hopwood (1969), and has been used widely 
since then. 
If the results of the experiments presented in fig's 5-1 to 5-4 are 
interpreted in this light, it is clear that the amount of crosslinking induced 
by the crosslinking agents used here varied quite markedly. Whereas rea-
gents such as the imidoesters, formaldehyde and copper phenanthroline 
produced only a small increase in the amount of high molecular weight 
(slowly migrating) material, others produced such extensive crosslinking 
that virtually no protein remained in the monomer band (glutaraldehyde, 
ultraviolet light). However, it would be misleading for a number of 
reasons to correlate the effectiveness of crosslinking agents in this model 
system directly with their effectiveness in producing crosslinks in chromo-
somes. 
The effectiveness of crosslinking agents in the model system reflect 
a number of factors: the rates of reaction between the crosslinking agent and 
the different groups in the protein; the number of groups in the protein with 
which the crosslinking agent can react; and the accessibility of these groups 
to the crosslinking agent. Consequently, the extents to which crosslinking 
occurs in these model systems will be characteristic of the protein used. 
Because of this, and also because proteins associated with DNA in 
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chromosomes would, in any case, be expected to be crosslinked to a 
different extent to the same proteins in solution, the amount of crosslinking 
produced by a particular reagent in the model system is not a reliable rep-
resentation of its effectiveness in crosslinking proteins in chromosomes. On 
the other hand, demonstration of crosslinking in the model system with any 
reagent suggests that the reagent is likely to produce crosslinking to some 
extent in chromosomes. 
Some reagents, particularly DFDNB and copper phenanthrol.ine at 
pH 7, did not produce a noticeable accumulation of high molecular weight 
material, but their use did result in the monomer band migrating more 
rapidly than it did in control gels. This effect can be explained in terms of 
intramolecular crosslinking and the sieving effect. If intramolecular cross-
links are introduced into a protein molecule its unfolding in the presence of 
SDS will be inhibited, and the size of the final unfolded complex will be less 
than that produced with an uncrosslinked molecule. As the rate of migration 
of a complex is related to its size in this system (Reynolds & Tanford, 1970b), 
the complex will migrate more rapidly after intramolecular crosslinks have 
been introduced. Thus this effect can also be regarded as positive evidence 
of the production of crosslinks. As one might expect, the reagents producing 
this effect DFDNB, Cu/PA at either pH, formaldehyde) all introduce relati-
vely short crosslinks. 
As all the crosslinking agents investigated have produced either an 
increase in the amount of high molecular weight material in the gel or an 
apparent reduction of the molecular weight of the monomer they can all be 
considered to be capable of producing crosslinking under the conditions 
employed in these experiments. 
5-3.2 Protein-DNA Crosslinkiig 
The use of CsC1 equilibrium density gradient ultracentrifugation to 
investigate protein-DNA crosslinking is at least as old as the use of electro-
phoresis to investigate protein-protein crosslinking. Certainly, Brutiag et 
al (1969) used CsC1 gradients to investigate the effects of formaldehyde on 
chromatin and noted the formation of a complex with a buoyant density of 
1.411 gcm 3 . The basis of the method is quite simple. On high speed cen-
trifugation, CsC1 solutions form continuous gradients in 15-20 hours, and if ,  
their initial density is right any macromolecular species contained in the 
solution will band at the level in the gradient corresponding to their buoyant 
density in solution as, from Stokes' law, the sedimentation rate of a particle 
is zero when its density is equal to that of the medium that surrounds it. 
(Rickwood & Birnie, 1978). As the buoyant densities of proteins and DNA 
in CsC1 solution are widely different (proteins have buoyant densities of 
around 1.3 g cm , while DNA's band at about 1. 7 g cm 3;  McCall & 
Potter, 1973) complexes between proteins and DNA will have buoyant den-
sities intermediate between these extremes (see, for example, Brutlag et 
al, 1969; Celis et al, 1976). 
At high CsCI concentrations non-covalent protein-DNA complexes 
are completely dissociated. Although at least one group have routinely intro-
duced a non-ionic detergent (sarkosyl) into their gradients to improve dis-
sociation Nietart et al, 1974; Zeldin et al, 1975; Morin et al, 1977) other 
workers have achieved consistent results in the absence of detergent 
(Brutlag et al, 1969; Celis et al, 1976), and in the experiments reported here 
CsCi alone produced clear DNA peaks at the expected buoyant density in the 
presence of BSA and in the absence of crosslinking agents. Some workers have 
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reported the formation of complexes at specific buoyant densities after cross-
linking chromatin Brutlag et al, 1969; Cells et al, 1976). However, whereas 
chromatin has a highly organized structure, and so would be expected to pro-
duce a complex with a characteristic buoyant density, BSA and DNA would be 
expected to produce complexes at random and thus produce no characteristic 
peak. Consequently, in these experiments it was considered a sufficient demon-
stration of crosslinking if there was a significant reduction in the size of the 
naked DNA peak compared with the control gradient. 
As table 5-2 suggests, three reagents had the effect of almost com-
pletely removing the naked DNA peak at 1. 70 g cm 	namely formaldehyde, 
1 -ethyi-3 (3-dimethylamino propyl) carbodiimide (E DAP carbodiimide) and 
ultraviolet light. The effects of formaldehyde and ultraviolet light have been 
demonstrated in CsC1 gradient systems before (Brutlag et al, 1969; Cells et 
al, 1976). Ultraviolet light produces many sorts of damage to both DNA and 
proteins. Effects of UV irradiation on DNA include single strand breakage 
(and therefore, at least potentially, double strand breakage and DNA degra-
dation)•. ; denaturation; inter- and intra-molecular crosslinking; and a variety 
of other photoproducts (Bostock & Sumner, 1978). In addition, UV irradiation 
has been shown to produce protein degradation (Cells et al, 1976). Although 
it might be thought that some of these effects might account for the d i s - 
appearance of the DNA peak after UV irradiation, only extensive degradation 
of the DNA, producing very low molecular weight products and therefore a 
very broad peak, would do so. This does not appear to happen, as other 
workers have been able to identify peaks corresponding to protein-DNA com-
plexes after UV irradiation (Cells et al, 1976; Morin et al, 1977). Another 
possibility would be that extensive (irreversible) DNA denaturation would 
result in a 'heavy' DNA peak, but such a peak was not observed. Analogues 
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of the other reagent in this group, EDAP carbodiimide, have been shown to 
react both with DNA (Kochetkov & Eiidowsky, 1969) and proteins (Carraway 
& Koshl.and, 1972) so its ability to induce protein- DNA crossl[nks [snot 
surprising. 
The minimal effect of DEPC on the DNA peak is slightly surprising, 
as DEPC also interacts with both DNA and protein (Ehrenberg et al, 1976) 
although the production of a minor peak at 1. 652 g cm by DEPC might 
suggest that a little crosslinking occurred. The reaction of DEPC with the 
DNA bases is much slower than its reaction with protein, however, and this 
might explain this result. 
The other reagent which had an effect on the size of the DNA peak 
was glutaraldehyde. While the reactions of glutaraldehyde with nucleic acids 
have not been studied extensively, they seem to be similar to those of formal-
dehyde and another aldehyde, glyoxal (Hopwood, 1975). On the other hand, 
as these reactions are with groups that are normally involved in the hydrogen 
bonds between paired bases in DNA,they can only occur in regions of a DNA 
molecule that are temporarily or permanently denatured. Consequently, one 
would expect formaldehyde, which is a smaller molecule than giutaraidehyde, 
(and thus more able to penetrate between the DNA strands) to react more 
easily, and therefore more quickly, with DNA and produce more protein-DNA 
eros slinking in a given time. This argument is consistent with the results, 
which show a reduction, but not a complete elimination, of the naked DNA 
peak with glutaraldehyde. 
In fact, all the chemical reagents used here that can react with DNA 
have been reported to do so at the amino or imino groups of the nucleic acid 
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bases (Feldman, 1973; Hopwood 1975; Augusti - Tocco & Brown, 1965; 
Ehrenberg et al, 1976). Consequently, dissociation of the base pairs may 
be necessary before many of them can react with DNA. As the above 
discussion implies, the physical size of the reacting molecules must be 
important under these circumstances. This may explain in part why reagents 
such as DEPC (and to some extent DFDNB), which are capable of reacting 
with DNA bases (Ehrenberg et al, 1976; Wu & Davidson, 1978), produce 
little or no crosslinking (although both reagents react only slowly with the 
DNA bases in any case). 
p-!.: Banding Studies 
5-3.3.1: Relative Importance of Protein-Protein and Protein-DNA Interactions 
From the results presented in table 5-2, it is clear that both protein-
protein and protein-DNA crosslinking agents affect the quality of banding, and 
that proteins must therefore be considered to be important in all the banding 
techniques, including Q-banding. Crosslinking agents will have the effect of 
decreasing the mobility within the chromosome of the molecules with which 
they react, so the results also indicate that changes in the arrangement of 
proteins and DNA in the chromosome are necessary for banding to take place. 
The fact that most of these reagents affect banding without affecting collapse 
suggests that the mechanisms of the two processes are essentially independent. 
The only reagent which did prevent collapse completely was glutaraldehyde, 
which was also an effective protein-protein and protein-DNA crosslinker. Its 
ability to prevent collapse may be explained by its ability to produce very long 
eros slinks, because of its polymerization in solution (Peters & Richards, 1977). 
It would be useful if it could be deduced from these results whether 
protein-protein or protein-DNA interactions are more important in banding. 
Unfortunately, the results do not e.iable us to distinguish clearly between the 
effects of the two types of crosslinking. The only reagents that produced 
significant amounts of protein-DNA crosslinking in the model system were 
formaldehyde, glutaraldehyde, UV light and the carboditmide. Of these, 
glutaraldehyde and UV light also produced extensive protein-protein cross-
linking, so their effects on banding cannot be attributed to one aspect of 
their crosslinking activity. Formaldehyde produced extensive protein-DNA 
crosslinking but very little protein-protein crosslinking, so its effects on 
banding, which were large, might be considered to be attributable to its 
protein-DNA crosslinking activity. However, its effects might also be 
attributed to its specificity or its bridge length, and it should be remembered 
that the effectiveness of a reagent as a protein-protein crosslinker in chro-
mosomes cannot be quantitatively related to its effectiveness in the model 
systems. The same is true for the carbodiimide, which was quite an effec-
tive protein-protein crosslinker in the model system as well as a protein - 
DNA crosslinker. Thus, although the results with formaldehyde in par - 
ticular might appear to suggest that protein-DNA crosslinks had more effect 
on banding than protein-protein crosslinks, the systems used to assay for 
crosslinking do not allow us to draw any firm conclusions of this sort. 
5-3.3.2 LEffts of Crosslinkiig Agents on pecific Banding Techniques 
The salt incubation-based techniques (ie G-, C- and l-banding) 
were more or less equally susceptible to the effects of introduced cross - 
links, but Q- and TG-banding showed different susceptibilities. Q-banding 
was only affected by the reagents which were most effective at preventing 
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the G-, C- and R-banding techniques from working (i, e. formaldehyde, glutar-
aldehyde, UV light). TG-banding seems to be more sensitive to crosslinking 
than other banding techniques: some of the reagents which have no effect on 
other banding procedures affect TG-banding (Cu/PA) and others which have 
small effects on other banding procedures have larger effects on TG-banding 
(DFDNB; EDA P-carbodiimide). 
According to the commonly accepted explanation of Q-banding, 
whereby quinacrine (Q) fluorescence reflects DNA base composition (see 
Chapter 1 for a detailed consideration of the evidence), there is no obvious 
way that the introduction of crosslinks could affect the banding pattern, 
except possibly by preventing quinacrine from binding to DNA. However, 
some observations have suggested that base composition alone is not suf-
ficient to explain the pattern of Q-fluorescence (Rowley & Bodmer, 1971; 
Bostock & Christie, 1974; Sumner et al, 1975) even though it may be suf -
ficient to explain the range of intensities observed (Comings & Drets, 1976; 
Mayfield & McKenna, 1978; Korenberg & Engels, 1978). Gottesfeld et al 
(1974) have shown that DNAs whose Q-fluorescence is identical show different 
degrees of quenching when packed as heterochromatin or euchrornatin, sug-
gesting that protein-DNA interactions are important in Q-banding. If this is 
so then the production of crosslinks could affect banding: if 'heterochroniatic' 
(more condensed) regions tend to be more fluorescent with Q than 'euchro-
matic' (less condensed) regions the stabilization of regions of chromosomes 
by crosslinking agents into effectively more condensed regions would result 
in more uniform, and on average brighter (Gottesfeld et al, 1974), fluores-
cence. Sumner (1974) did not observe any effect of the oxidation state of 
protein suiphydryls on Q-banding but, as the results with Cu/PA in these 
experiments seem to show, crosslinking by the aldehydes and UV light may 
be much more effective for this purpose than sulphydrvl crosslinking. 
The effects of DFDNB on C-handing and DMS on R-handing, both 
seem to be greater than would be expected on the basis of these reagents' 
effects on the other salt-based banding techniques. The simplest explan-
ation of these observations is that there is some special significance of the 
lengths of the crosslinks introduced by these particular reagents. DFDNB 
has a bridge length of 5-6A Wo1d, 1972) while DMS has one of HA (Peters 
& Richards, 1977) and it may be that these distances are close to spacings 
between groups (or molecules) which are specifically involved in C- and R-
banding respectively. 
5-3.3. 3: Crosslinking Results Related to Models of Chromosome Banding 
There are two models of chromosome banding that involve changes 
in the conformation of the DNA-protein complex. The first is that due to 
Sumner & Evans (1973) which suggests that under the right conditions of DNA 
folding (tertiary structure) a complex can be formed between two molecules 
of methylene blue (or another thiazine dye) and one of eosin to produce a 
complex with an absorbance maximum at 560 nm (which is not characteris-
tic of either eosin Y or the thiazine dyes; Comings, 1975). Conditions for 
the formation of such a complex would be the same at any point along the 
length of an untreated, fixed chromosome, but after banding treatments, 
regions losing this structure would stain more faintly than regions retaining 
it. The other model is that of Comings & Avelino (1975) by which the only 
important dyes in Gienisa are the thiazine dyes, and especially methylene 
blue, which bind to DNA phosphate groups by forming salt links. Under 
banding conditions, proteins in different regions are denatured to different 
88 
extents, and cover the DNA phosphates to different extents, so that a 
banding pattern is produced. 
These two models predict different results if the lengths of the 
crosslinks that are introduced are changed. Short crosslinking agents are 
most likely to produce intramolecular crosslinks (see, for example, the 
BSA model experiments: formaldehyde, Cu/PA, and DFDNB produced 
intramolecular crosslinks while longer reagents did not) and thus stabilize 
proteins against denaturation more effectively. Longer crosslinking agents 
are more likely to inhibit relative motion between neighbouring protein mol-
ecules. Thus LI the model of Comings & Avelino (1975) is true, shorter 
crosslinking agents will be more effective in preventing banding whereas, if 
anything, the Sumner & Evans (1973) model predicts that longer crosslinking 
agents will have more effect although it will probably be less sensitive to 
crosslink length. 
Theoretically, the best system for looking for distance effects is 
the imidoesters, which have similar specificities and reactivities but dif-
ferent bridge lengths (5 for DMM, 9 for DMA and hA for DMS; Peters 
& Richards, 1977). As can be seen from table 5-2 the effectiveness of the 
three imidoesters is the same for G-, C- and Q-banding, while for E- and 
trypsin G- banding, the order of effectiveness is: DMSDMA,DMM, ie 
longest is most effective. Thus the results might be taken to indicate that 
relative motion between molecules is more important than protein denat-
uration in chromosome banding with Giemsa, and to be consistent with the 
model of Sumner & Evans (1973), but not with that of Comings & Avelino 
(1975). However, the imidoesters were among the least effective of the 
crosslink[ng agents at preventing banding, and such an interpretation of the 
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results can only be tentative. 
5-4: Conclusions 
I - 	All of the crosslinking agents studied here produced evidence of either 
inter- or intramolecular crosslinking in the gel clectrophoresis system 
and could thus be regarded as producing crosslinking in chromosomes. 
2 - 	Four of the reagents studied, namely formaldehyde, EDAP-carbodiirnide, 
UV light and glutaraldehyde, produced a significant amount of protein-
DNA crosslinking. 
3 - 	All of the banding techniques investigated (G-, C-, R-, Q-  and TG- 
banding) were affected by the protein-protein and protein-DNA cross-
linking agents and, therefore, alterations in the conformation of proteins 
and/or the protein-DNA complex are involved in all of these banding 
techniques. 
4 - The effects of DFDNB on C-banding and DMS on R-banding, which are 
greater than might have been expected, suggest that groups GA and hA 
apart, respectively, may be particularly important in these banding 
techniques. 
5 - 	Increasing the length of the crosslink introduced increases its effective- 
ness in impairing TG- and R-banding. This is consistent with the model 
of Sumner & Evans (1973), but seems to be inconsistent with that of 
Comings & Avelino (1975). 
fig's 5-16 to 5-19 
5-16 Molecular formula of copper/phenanthroline 
(Cu/PA) 
5-17 Molecular formula of diethyipyrocarbonate 
(DEPC) 
5-18 Molecular formula of difluorodinitrobenzene 
(DFDNB) 
5-19 General molecular formula of the imidoesters. 
DMM = dimethyimalonimidate 
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5-5: Materials and Methods 
Detailed materials and methods for Mood culture, chromosome 
preparation and chromosome banding are presented in the Appendix. 
5-5.1 :Crosslinkig Agents 
5-5.1.1 :Cupric Ph enanthrol in e (Cu/PA) (fig 5-16) 
In the presence of Cu 2+  ions and at neutral pH, but not in the 
presence of other heavy metal ions, o-phenanthroline catalyzes the oxidation 
of suiphydryl groups (Kobashi, 1968). While Kobashi (1968) found little dif-
ference in the effectiveness of solutions containing 2: 1 and 3 1 phenan - 
throline/Cu 2+  ratios, Murphy (1976) found the latter to be more effective, 
and this ratio was used in these experiments. Crosslinking was carried out 
at both pH7 and pH8 (Kobashi, 1968). The crosslinks produced are effec - 
tively the length of a disulphide bond, le of the order of 2A. 
The eros slinking solution was prepared by adding imi of a 15 mM 
o -phenanthrol me (1, 10 phenanthrolmne hydrate; Koch-Light Colnbrook, Bucks) 
and 5mM Cu504. 5H20 in 0. 01M Tris-HCT solution (pH7 or 8), to 49 ml of 
the same Tris buffer. Slides were immersed in this solution for 1 hour at 
room temperature after Murphy (1976). Slides were then rinsed with 
deionized water and banded. Controls were treated with buffer only for 1 hour 
at room temperature. 
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5-5. 1. 2 DiethyIpyrocarbonate (DEPC)_  (fig 5-17) 
The main use of DEPC has been as a specific reagent for histidine 
(Ehrenberg et al, 1976). However, it has also been shown to produce peptide 
bonds between lysine e -amino groups and the carboxyl groups of aspartic and 
glutamic acids (Wolf et al, 1970) and as a result it was used as a vapour 
phase fixative for immunofluorescence studies (Pearse et al, 1974; Hofstâdter 
et al, 1977). Although they react more slowly than proteins, all the DNA 
bases have been shown to react with DEPC (Ehrenberg et al, 1976) although 
The reaction is dependent on denaturation of double stranded molecules. The 
crosslink length is of the order of 1. 5A (the length of a peptide bond; Mahler 
& Cordes, 1971). 
In these experiments slides were treated with DEPC either by 
exposing them to the vapour for 24 hours at room temperature in a sealed 
container or by immersing them in 0. 12% (v/v) DEPC (diethylpy ro carbonate; 
BDH Chemicals, Poole, Dorset) in isotonic saline (pH 6.3) for 3 hours at 
room temperature. Slides were then rinsed with deionized water and banded. 
Control slides were exposed either to air or saline. Model studies were 
carried out in solution using 0. 12% (v/v) DEPC. 
5-4. 1.3 Difluorodinitrobenzene 	FDNBJ (fig 4-18) 
DFDNB reacts with lysine and tyrosine and can produce crosslinks 
between these groups with a maximum bridge length of 5-6A (Wold, 1972). 
When one of the two fluorine atoms has reacted with one of these groups the 
second fluorine atom is less reactive (because of a reduced polarization of 
the C-F bond). Consequently, the most effective concentration of DFDNB is 
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not necessarily a saturated (aqueous) solutic:i but rather one which allows all 
the DFDNB molecules to participate in crosslinks. The optimal concentration 
inevitably varies depending on the number and arrangement of the reactive 
groups. For example, in the studies of Marinetti & Love (1974) different 
am ino-pho sphol ipids were optimally eros sl inked at different DFDNB concen-
trations. For these experiments a concentration of 100 jiM was selected, a 
concentration in the mid-range of those found useful by Marinetti &. Love (1974). 
Although the reactions of DFDNB with DNA do not seem to have been investi-
gated, its monofunctional analogue, fluorodinitrobenzene (FDNB), has been 
shown to react slowly with nucleic acids (Wu & Davidson, 1978). 
For these experiments a solution of 0. 02 mgml -1  DFDNB (BDH) was 
prepared in 120mM NaHCO3, 40mM NaCl buffer (pH 8.5) (Marinetti & Love, 
1974) and incubated at 370 C overnight to ensure that the DFDNB was corn - 
pletely dissolved as it is rather insoluble in water. Slides were immersed in 
this solution at room temperature for 3 hours, rinsed and banded. Control 
slides were treated with NaHCO 3 /NaC1 buffer. 
5-5.1.4 	Imidoesters (fig 5-19) 
The imidoesters are a series of crosslinking agents that are 
structurally similar, and thus have essentially identical specificity, but are 
different lengths. The three imidoesters used in these experiments were 
dim ethyimalon im idate (DM1Vr), dimethylad ipim idate (DMA) and d imethyl-
suberimidate (DMS) . The distances between reactive groups in these 
molecules are 5, 9 and 11 A respectively (Peters & ]Richards, 1977). The 
specificity of the imidoesters is for amino groups, and at high pH for the 
-amino group of iSIflC (Hassell & Hand, 1974). 
Imidoesters were obtained commercially (DMA and DAIS from 
Pierce Biochemicals, Rockford, Illinois; DMM from Polysciences, 
Warrington, PA) and were stored dry in the cold as they tend to undergo 
spontaneous degradation (DH Boxer, personal communication). As 
imidoesters undergo relatively rapid hydrolysis in solution, with a half life 
of 4 hr for DMM (Yuthavong et al., 1975) and possibly less for DAIS (Hand-& 
Hassell, 1976), crosslinking solutions were prepared immediately before 
the slides were treated. Crosslinking solutions were lOmg/ml in imidoester 
in either 0. 15M Tris-HC1, 0. 2M CaC1 2 , pH9. 5 (Hassell & Hand, 1974) or 
0. 01M borate buffer, pH 10. 0 (Stein et al, 1977). Slides were immersed in 
crosslinking solution for 40 minutes at room temperature, rinsed and banded. 
Control slides were treated with buffer (Tris or borate) only. 
carbodiirnide (EDAP-Carbodiimide) 
(fig 5-20) 
Carbodiim ides have been used as group-specific modifying agents 
in both protein chemistry (Carraway & Koshiand, 1972) and nucleic acid 
chemistry (Kochetkov & Budowsky, 1969). At acidic pH's, carbodiimides 
react with carboxyl, suiphydryl and tyrosyl groups, while at slightly alka- 
line pH's they will also react with protein amino groups (Yamamoto & Yasuda, 
1977). The carbodiimide used here, which is conveniently water soluble, has 
been shown to produce protein-protein crosslinking (Timkovich, 1977; 
Yamamoto & Yasuda, 1977) and presumably also shows the characteristic 
reactions with DNA, which are with the amino groups of guanine and thymine 
(Augusti-Tocco & Brown, 1965). 
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In these experiments, a concentration of 20% (w/v) carbodiimide 
fig's 5-20 to 5-22 
5-20 Molecular formula of EDAP-carbodiimide 
5-21 Molecular formula of formaldehyde 
5-22 Molecular formula of glutaraldehyde 
5-20 EDAP—Carbodilmide 
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(l-ethyl--3 (3-dimethyiaminopropyl)carbojj ide; Calbiochem, San Diego, CA) 
in isotonic saline(pH 6.3) was used, after Sheehan & Blavka (1957). Because 
of the high concentration to be usedcross1inking was carried out by dropping 
2-3 drops of the solution onto a slide, covering it with a coverslip, and 
leaving it at room temperature for 30 minutes. The coverslip and crosslink-
tng solution were then rinsed off with delonised water and the slides banded. 
Controls were treated with saline only. Model study experiments were per-
formed as usual, as only 2m1 of solution were required for these experiments. 
5-5.1.6 :Aldehydes figs 5-21 and 5-22) 
Formaldehyde and giutaraidehyde are probably the most widely used 
biological fixatives, certainly the most widely used crosslinking agents. 
Formaldehyde (CH20) reacts with the amino and imine groups of the nucleic 
acid bases (in single stranded and denatured double stranded nucleic acids) and 
with proteins (Feldman, 1973). It has been shown to produce a complex with 
buoyant density 1.411 gcm 3  in CsCI on reaction with chromatin (Brutlag et 
al, 1969). On reaction with proteins its primary reaction is with amino 
groups, forming monomethylol derivatives: 
fl-NH2 + CH20: R-NH-CH20H 
which can then react with amide, guanidyl, phenolic, imidazole or indole 
groups to produce a methylene bridge about 3A long: 
B-NH-CH20H + HRt-. 	 + H20 
(Feldman, 1973). Giutaraldehyde 10HC(CH2) 3 CHO) is a bifunctionaj. aldehyde 
9" 
and consequently shows symmetrical reactions for its two aldehyde groups. 
Like formaldehyde, however, its reactions are not highly specific, and it 
reacts with phenolic, imidazole, suiphydryl and amino groups in proteins 
(Habeeb & Hiramoto, 1968) and with DNA (Hopwood, 1975). Although it 
nominally produces crosslinks over a distance of about 9A (Chalkiey & 
Hunter, 1975) it is in fact effective over much greater distances because 
most of the glutaraldehyde is in a highly polymerized form, making it 
1 tuseless" for distance measurements (Peters & Richards, 1977). 
Crosslinking was carried out using 4% concentrations of the 
aldehyde; either 10% (v/v) formalin (40% formaldehyde; BDH) or 16. 7% 
(v/v) glutaraidehyde solution (25% Glutaraldehyde EM; TAAB Laboratories, 
Beading) in isotonic saline (the rate of crosslink formation, particularly for 
glutaraldehyde, is faster at higher ionic strengths; Chaikiey & Hunter, 1975) 
and continued for 1 hour at room temperature. Slides were then rinsed and 
banded. Control slides were treated with isotonic saline suitably diluted. 
5-5.1. 7 Ultraviolet Light (UV light) 
Ultraviolet light can produce protein-nucleic acid, protein-protein 
and, to a lesser extent, nucleic acid-nucleic acid (interstrand) crosslinks 
(Sperling & Havron, 1977) as well as denaturation (Drevitch et al, 1966), 
a number of other kinds of DNA damage including strand breakage and 
pyrimidine dimer formation (Bostock & Sumner, 1978), and protein degra-
dation (Celis et al, 1976). Crosslinks are induced between reactive groups 
that are in 'contact' and can thus be considered to be very short (Sperling 
& Havron, 1977), presumably of the order of 2A. 
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Slides were irradiated under a germicidal lamp (Philips TLV 30W) 
overnight (16 hours) at an exposure rate of 4 erg. sec -1 . mm 2 (estimated 
in the 230-270 nm range using a Blak-Bay Ultraviolet Meter, Model J-225; 
Ultraviolet Products, San Gabriel, CA): total exposures of about 2.4 x 106 
erg. mm 2 . Model systems were UV irradiated by preparing 50 ml of BSA/ 
DNA solution in a glass petri dish and placing it under the lamp on a mag-
netic stirrer so that the solution was agitated constantly. At the end of these 
experiments, model solutions were diluted back to their original volumes 
with deionized water before being prepared for electrophoresis or 
centrifugation. 
5-5.2 SDS Poyac7larnide Gel Electr ophoresis 
The electrophoresis system described here is based on that of 
Laemmli (1970) with some modifications (GC Machray; pers comm). 
5-5.2.1 Specimen Preparation 
Crosslinking was carried out under the conditions described for the 
individual crosslinking agents in 2 ml of a solution of BSA (Bovine Albumin, 
Fraction V: Sigma) at 2 mg/ml (except for UV irradiation, where a larger 
volume was necessary to avoid the solution drying out overnight). When 
crosslinking was complete, 50 p.1 of solution were added to 50p1 of sample 
buffer (10% w/v SDS, 20% w/v sucrose, 0. 6% v/v 2-mercaptoethanol (EDIt) ) 
and heated to 90° C in a water bath for 5 minutes. A grain of bromophenol 
blue (indicator;BDH) was added to the sample solution and 20-50 p.1 of this 
solution (ie 20-50 g BSA) were loaded onto each gel. 
5-5.2.2 Gel Prparation 
Rod gels about 70 mm long were prepared in glass tubes 75 mm long 
and 5 mm in internal diameter. Solutions used for the preparations of the 
gels were as follows: 
Acrylam[de stock : 29.2% (w/i) acrylamide (I3DH); 0.8 9/o bis-
acrylamide (BDH), 
Gel buffer : 1.5M Trizma base (Sigma); 0.4% (w/v) SDS, pH 8.8 
10% (v/v) N, N, N', Nt -tetramethylethylenediamine (TEMED), 
(Koch-light) 
10% (w/v) ammonium persuiphate. 
10% acrylamide gel solutions were prepared by mixing: 6. 7 ml of acrylamide 
stock; 5 ml of gel buffer; 8. 3 ml of deionized water; and adding 200 pl each 
of both TEMED and ammonium persuiphate solutions to give a final volume 
of 20 ml of gel solution. To prepare the individual gels: tubes, which had 
been sealed at one end with Parafilm and marked 5 mm from the other end 
with a marker pen, were filled to the mark with gel solution. The gel solu-
tion was then overlayed with a little deionized water to aid polymerization 
at the top of the gel (polymerization does not proceed in the presence of 
oxygen). Gels were then left to polymerize for about 45 minutes. 
5-5.2.3: Running the Gels 
Gels were mounted in a Shandon Southern Analytical 
Polyacrylamide Gel tank, Mk ifi (Shandon Southern Products, Runcorn, 
Cheshire). Upper and lower chambers were filled with running buffer: 
0. 025M Trizma base, 0. 192M glycine, 0. 1% (w/v) SDS. 20-50 p1 of 
sample were layered on top of the gels and gels were run; initially at 
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5 mA/gel (constant current) to run the samples into the gels, and subsequently 
at 2 mA/gel until the bromophenol blue band had reached the bottom of the gel. 
The power source used was a Vokam type 254 Power Supply (Shandon). 
5-5.2.4 :Fixation and Staining 
After running, gels were extracted from their tubes; firstly by 
loosening them from the side by injecting about 1 ml of water down the side 
of the gel with a hypodermic syringe (gauge 19 needle) and then by applying 
pressure to the top of the gel with a Pasteur pipette bulb. Gels were fixed 
overnight in 10% (w/v) trichioroacetic acid (TCA) then stained for 2 hours 
at room temperature with 0. 025% (w/v) Coomassie brilliant blue (G 250; BDH) 
in 10% (v/v) methanol, 7% (v/v) acetic acid. Gels were then destained with 
two or three changes of the same solvent until there was good contrast bet-
ween protein bands and the background. 
5-5.2.5 Photography and Dens itornetry 
Gels were photographed on Agfa ortho (25 ASA) or Kodalith ortho 
(12 ASA) film using a Iv[PP 5 x 4 plate camera (monorail). Densitometric 
traces of gels were obtained by scanning the negatives on a Joyce-Loebl 
Double Beam Recording Microdensitometer, Mk III CS (Joyce Loebi, 
Gateshead-on-Tyne, Tyne and Wear). 
5-5.3 Analytical CsCl Density Gradient Ultracentrffiigtion 
5-5.3.1 Specimen Preparation 
Crosslinking was carried out in 2 ml solutions containing 20 )ll of 
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1 mg/ml Calf Thymus DNA (highly polymerized; Sigma) and 20 ii of 1 mg/mi 
BSA in the same buffer as used for the crosslinking reaction. BSA and DNA 
solutions were prepared fresh for each experiment to avoid degradation during 
storage. When crossliriking was complete solutions were dialysed against 
two changes of 0.O1M Tris-HC1 buffer (pH 7), 500 ml each change, for 2-3 
hours and overnight to remove most of the crosslinking agent. A control sol-
ution, which contained BSA and DNA but no crosslinking agent, was prepared 
at the same time and taken through the same treatments as the crosslinked 
solutions. 
5-5. 3. 2 : Gradient Formation 
After dialysis (see above), 1.4 ml of each solution were added to 
1. 8 g of solid Cs C1 (ultracentrifuge grade;BDH) to give 2 ml of solution at 
an approximate density of 1. 7 g. cm -3 . 5 pl  of Micrococcus lysodeikticxis 
DNA (A260 = 20; C = 1. 731 g. cm-3  ) (courtesy of DRJ.G os den) were 
added to the solution as a buoyant density marker and the final density 
checked using an Abbe refractometer (High Accuracy Abb e'? 60? 
Refractometer; Bellingham & Stanley, London). Two MSE analytical 
(sector) cells were then filled from each 2 ml sample and the tops screwed 
down tightly to avoid leakage. Pairs of cells were balanced to within 0. 1 g 
and loaded in the rotor.' Gradients were run at 44, 700 rpm at 200  C over - 
night in an MSE Centriscan 75 analytical ultracentrifuge (MSE Scientific 
Instruments, Crawley, Sussex) and then scanned at 254 nm using the 
Centriscan's ultraviolet scanning system. 
5-5.3.3 Calculation of Buoyant Density 
Buoyant densities of DNA peaks were calculated with respect to the 
reference M Lysodeikticus peak atp = 1. 731 g. cm -3 according to the 
following equation: 
fs = fm + 0.0092 (r - r ) Mahler & Cordes, 1971) 
where p s is the buoyant density of the specimen (g. cm -3 ) and 	that 
of the marker DNA; r s  and rm  are the radial distances of the DNA peaks 
from the centre of the rotor at equilibrium (cm). For the MSE Centriscan 
75 analytical rotors, r corresponds to: 
r = s( X/) + 5. 7 (cm). 
In this equation s is the actual separation between the slits in the reference 
cell, y is the distance between the slits as recorded by the Centriscan's 
chart recorder, and x is the distance from the inner silt to the DNA peak 
in question, again as recorded by the chart recorder. 5. 7 cm is the 
distance from the centre of the rotor to the inner slit. Buoyant density 
values were calculated using a Sinclair Cambridge programmable 
calculator (Sinclair Radionics, Huntingdon, Carnbs). 
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Chapter 6 Studies on The Mechanism of C-Banding 
6-1 Introduction 
During C-banding procedures more is extracted from non-C-band 
than C-band regions of chromosomes (Pathak & Arrighi, 1973; 
Schni lady et al, 1975). An important question relating to the mechanism 
of C-banding is therefore the extent to which differential DNA extraction 
can explain the staining pattern observed with Giemsa (Comings et al, 
1973). To resolve this question it is necessary to carry out quantitative 
measurements of C-banding, and to allow this I have developed a measure 
of the quality of C-banding which I have called 'C-band contrast'. 
This has been defined as the ratio of the optical density of the C-band 
to that of a neighbouring non-C-band region. Three series of readings 
have been made which shed light on the roles of the dilute hydrochloric 
acid treatment step and the salt incubation step of the C-banding procedures, 
and on the relationship between the intensity of Giemsa staining shown by 
a chromosome region and the amount of DNA present in it. 
The roles of the early stages of the C-banding procedure, namely 
HC1 treatment followed by alkaline treatment with sodium hydroxide 
(Arrighi & Hsu, 1971) or barium hydroxide (Sumner, 1972) solutions, 
have been unresolved since DNA denatu ratio n/renatu rat [on has not been 
generally considered to be important in C-banding (Comings et al, 1973; 
McKay, 1973; Sumner et at, 1973; but see Kurnit, 1974). 
Holmquist (1977, 1979) has suggested that DNA depurination is essential 
for C-banding, and that this is the role of the HCl step. I have tested this 
by reducing the temperature of the HCl during the acid treatment stage 
of the BSG procedure (Sumner, 1972) to a temperature at which 
Table 6-1. Ed. Treatment 
Treatment 	 C-band Contrast ± S. d. 
No HC1 
	
1.28 ± 0.20 
0. 2 M HC1, lhr, 4° C 	 1.40 ± 0.28 
0.2 M HC1, lhr, 20-250 C 	 2.81 ± 0.42 
DNA depurination is virtually eliminated. 
The importance of the salt incubation stage of the C-banding 
procedures seems to be that only at this stage does differential DNA 
extraction occur (see Comings et al, 1973). The effect of salt incu-
bation might be to disrupt ionic interactions, for example between 
chromosomal proteins and DNA, within the chromosomes. To test 
this I have investigated the effect of varying the SSC concentration 
during the final stage of the procedure on the quality of banding. In 
addition, under conditions where C-banding does seem to reflect the 
amount of DNA present, it has been possible, by comparing the C-band 
contrasts of chromosomes stained with Giemsa with the contrasts obser-
ved when chromosomes are stained with gallocyan in- chrome alum 
(Carrano & Johnston, 1976), to investigate the relationship between 
Giemsa staining and DNA concentration. 
6-2 Experiments and Results 
6-2.1 : The Bole Of Depurination in C-banding 
Chromosome preparations were C-banded by the BSG procedure 
(Sumner, 1972; see Appendix) using no HCI treatment, 0. 2 M HCl treat-
ment at 4° C, or 0. 2 M HC1 treatment at room temperature (20-25 0 C) as 
usual. All other stages of the procedure were the same for all slides. 
C-band contrast measurements (see Materials and Methods) were made 
on 30 human No. 1 chromosomes on each slide. A significantly lower 
value of C-band contrast was observed if cold HC1 treatment was used or 
if HC1 treatment was omitted (table 6-1). 
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fig 6-1 
6-1 	Graph showing the variation of the C-band 
contrast of Giemsa stained chromosomes 
(Cgie) with increasing SSC concentration. 
Four experiments. Error bars represent 
standard errors. 
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fig 6-2 
6-2 Graph showing the variation of the integrated 
optical density of Giemsa and gallocyanin - 
chrome alum stained metaphases (JOD gie, 
IOD gal) with SSC concentration. Solid lines: 
IOD gie; broken line: IOD gal. Error bars 
represent standard errors. 
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fig 6-3 
6-3 	Graph showing the relationship between the 
integrated optical density of gallocyanin - 
chrome alum stained metaphases (IOD gal) 
and the C-band contrast of Giemsa stained 
chromosomes (Cgie). Values in brackets 
represent the SSC concentrations at which 
the measurements were taken. 












C—BAND CONTRAST -- 
Table 6-2 : Variation of Cgie Cgai lODg i e  and lODgal  with SSC concentration 
SSC cOflCr. 	Cg ie 	Cgai 	 IOD 	 JOD gte gal 
0 	 1.35 ± 0.18 1.16 ± 0.33 
2.13±0.42 3390.4±728.7 
2.24±0.55 1.24±0.39 336.4±1594.5 851.3±283.4 
1 	 2.44 	0.66 1885.1 ± 568.8 
2.69 ± 0.70 1.46 ± 0.31 1411.4 ± 421.1 758.4 ± 168.3 
2 	 2.81±0.42 1.69± 0.47 
1.51± 0.28 1.26± 0.32 
3.05 ± 0.89 1063.8 ± 439.2 
2.73 ± 0.93 1.81 ± 0.62 1829.3 ± 380.5 654.7 ± 204.1 
3 	 2.63 ± 0.56 1830.5 ± 566. 7 
2.54 ± 0.42 1.65 ± 0.32 2096.1 ± 457.5 687.6 ± 168.3 
4 	 1.56±0.22 1.06± 0.16 + 
2.33 ± 0.33 2561.2 - 424.3 
2.81 ± 0.39 1.61 ± 0.34 2189.2 ± 423.5 564.8±142.0 
5 	 2.98 ± 0.94 1.78 ± 0.43 
2.53±0.37 1858.9±378.6 
3.55 ± 0.80 1.63 ± 0.44 1775.2 ± 310.1 312.7 	74.1 
Measurements are quoted ± standard deviation. 
The table represents three experiments, which are always shown in the same 
order. No measurements of Cgal  were taken at 1 and 3xSSC in the first 
experiment, so data are not included. The first set of data for 2xSSC were 
taken using the slide taken through the fall BSG procedure and included in 
table 6-1. 
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6-2. 2 Effects of Increasing SSC concentration on C-banding and 
Giemsa Staining 
Slides were subjected to the BSG procedure, but the concentration 
of SSC in the final incubation medium was varied between 0 and GxSSC. 
C-band contrast values were estimated (see Materials and Methods) for 
30 human No. 1 chromosomes in each case, and integrated optical density 
of the 15 randomly selected metaphases containing these chromosomes were 
also measured (see Materials and Methods). Results of C-band measure-
ments are presented in fig 6-1 and included in table 6-2. Integrated optical 
density values are presented in fig 6-2, and included in table 6-2. C-band 
contrast (Cg ie) decreased from OxSSC to a minimum at 0. 6xSSC and then 
gradually increased between 0. 6 and about 4XSSC. At higher SSC concen-
trations C-band contrast was usually markedly higher (fig 6-1). Integrated 
optical density (lODgie)  seemed to show a sinusoidal response to increasing 
SSC concentration (fig 6-2) showing maxima at 0 and 4XSSC, and minima at 
1-2xSSC and 5xSSC. 
6-2.3 Relationship Between Giemsa Staining and DNA Concentration 
Slides from experiments described in sections 6-2. 1 and 6-2. 2 
were destained with 70% ethanol, restained for DNA with gallocyanin-
chrome alum (see Materials and Methods) and C-band contrast and inte-
grated optical density measurements made. Results are included in 
table 6-2. C-band contrast with gallocyanin-chrome alum (Cgal)  increased 
with increasing Giemsa C-band contrast, but was numerically smaller. 
Integrated optical density (lOD gal) decreased linearly with increasing 
C-band contrast (fig 6-3), and with SSC concentration (fig 6-2). 
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6-3 : Discussion 
6-3. 1 The Roles of the Acid and Alkali Treatment Stages 
of the BSG Technique 
It is clear from Chapter 4 that little or no protein extraction 
occurs during 0. 2 M HC1 treatment of chromosomes while a considerable 
amount occurs on Ea(OH) 2 incubation (see also Comings et al, 1973). 
Nevertheless, since banding is much poorer tithe HCI step is omitted, 
the HC1 step must perform some function. In early DNA sequence studies 
(see, for example, Chargaff, 1955), which relied on the production of 
Tapurini c  acid' by dilute solutions of mineral acids, a combination of an 
acid treatment and an alkali treatment was used. Apurinic acid, which 
is DNA from which all the purine bases have been released, is more 
labile to alkaline hydrolysis than untreated DNA (Chargaff, 1955; 
Hurst & Kuksis, 1958). On mild exposure to acid solutions, 
depurination of DNA is partial: after 1 hr at 37 0 C in dilute HCl, pH 6, 
depurination of calf thymus DNA is of the order of 5% (Chargaff, 1955). 
It is therefore posibie that the first two stages of the BSG procedure 
result in partial depurination of chromosomal DNA followed by alkaline 
degradation of the depurinated product. Isolated chromosomes are 
protected from depurination by storage at 4 0 C (2. G. N. Jeppesen, 
pers. Comm.), so by incubating chromosome preparations in 
0. 2 M HC1 at 40 C rather than at 20-25 0 C (room temperature) 
depurination should similarly be reduced. Under these conditions, 
C-band contrast was reduced sharply from 2.8 to 1.4 ) a value only 
slightly higher than that obtained with chromosomes not treated with 
acid (1.3). These results are consistent with the suggestion that 
depurination occurs during the 0. 2 M HC1 incubation step of the BSG 
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procedure, and labil.izes the DNA to alkaline degradation. The results 
of Comings et at (1973) also seem to be consistent with such a mechanism: 
they show that little or no DNA extraction occurs during HC1 treatment 
while up to 50 1/0 of the DNA may be extracted during alkali treatment. 
C-banding can also be induced to some extent in the absence of 
HC1 treatment. It may be that some DNA extraction can occur in the 
absence of depurination, or that depurination also occurs during fix-
ation (sec Holmquist, 1979). 
Holmquist (1977;1979) has also concluded that DNA depurination 
is important in C-banding, but suggested that the main role of alkaline 
treatment was to induce DNA denaturation and thus increase DNA solu-
bility in hot salt. It is not possible from my experiments to tell whether 
the alkali incubation stage produces DNA degradation, DNA denaturation, 
or both. 
6-3.2: The Bole of the Salt Incubation Step in the BSG Technique 
Comings et at (1973) showed that after acid and alkali treatment 
had extracted 50% of the DNA from chromosomes, a further 25% of the 
original DNA was extracted by subsequent phosphate buffer incubation. 
The staining pattern of chromosomes with Giemsa and Feulgen is uniform 
after alkali treatment (Comings et al, 1973) but C-banding can be seen 
after salt treatment on staining with Feulgen (Comings et al, 1973; 
Limin & Dvoak, 1976) or gallocyan in-chrome alum (Carrano & Johnston, 
1977). Presumably, then, the differential extraction of DNA that occurs 
during C-banding occurs during the salt incubation stage. 
Table 6-3 : Heression Lines Fitted to Data of Various Parts of Fi 6-1 
ss C 
No 	Concn. 	a 	b 	s. e. 	n 	to 
Range 
1 	0.6 -2 1.4832 0.2156 0.0359 240 6.002 
(fig 6-1) (< 0. 001) 
2 	0-4 1.3832 0.0707 0.0200 150 3.539 
(fig 6-2) (pj 0. 002) 
3 	0 - 5 2.3838 0.0378 0.0239 180 1.580 
(fig 6-3) (p.> 0. 10) 
4 	0-4 2.4060 0.0982 0.0360 150 2.730 
(fig 6-4) (0. 1 <p zO. 2) 
Equations are of the form: 
c = a+ b. [ssc] 
where C is the C-band contrast with Giemsa, and [sscjis the 
SSC concentration 
s. e. is the standard error associated with b. 
to is the value of t obtained by comparing b with zero. Values of p are from 
Appendix 2 of Bailey (1959). 
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A possible explanation of preferential extraction of DNA from 
non-C-band regions by salt incubation is that the DNA remaining after 
alkali treatment is fragmented, but held in place on the chromosomes 
by ionic interactions with chromosomal proteins. If this is so, and 
assuming that C-banding simply reflects DNA distribution, C-banding 
contrast should increase with increasing salt concentration. The data 
presented in fig 6-1 shows this to be true, but only to a certain extent. 
The data summarized in fig 6-1 appear to show a three phase 
response of chromosomes to increasing SSC concentration. C-band 
contrast dropped between 0 and 0. 6xSSC, increased slightly or 
remained constant between 0. 6 and 4 or 5xSSC, and increased sharply 
at higher concentrations. Analysis of the C-band contrast data in the 
range 0. 6 to 5xSSC produces the regressions shown in table 6-3. The 
slopes of two of these lines are significantly greater than zero at the 
p = 0. 002 level or better, while the other two do not differ significantly 
from zero (see table 6-3 for t-tests), so it is not clear whether the 
apparent increase of C-band contrast with SSC concentration between 
0. 6 and 4xSSC is real or not,but it is nevertheless small. The drop in 
C-band contrast between 0 and 0. 6xSSC is only shown in the experiment 
in which measurements were taken at 0. 2xSSC intervals, and not in the 
others. This might cast some doubt on the reality of this effect, but 
their effect was very clear when small intervals were used, suggesting 
that it is real. The transition at high SSC concentrations might corres-
pond to the disruption of a class of ionic interactions, for example 
between DNA and structural proteins. However, it is clear that C - 
banding is produced whatever salt concentration is used, suggesting 
that other mechanisms than disruption of ionic interactions may be 
involved in the production of C-banding. 
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Fig 6-4 
6-4 	Graph showing the relationship between the 
integrated optical density of Giemsa stained 
metaphases (lODgie) and the C-band contrast 
of chromosomes stained with Gi.emsa (Cgie) 
and Gallocyanin-chrome alum (Cgal). Figures 
in brackets represent the SSC concentrations 
at which the measurements were taken. 
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C—BAND CONTRAST- 
]OS 
As C-banding  is associated with DNA extraction, one would 
expect increasing C-band contrast to be associated with decreasing total 
gal.locyanin staining ( lODgaT), and also possibly with decreasing total 
Giemsa staining (lODg i e ). Comparison of the IOD of gallocyanin-chrome 
alum stained chromosomes (IODgai) with their gallocyanin and Giemsa C-
band contrast values (fig 6-3) shows a clear negative correlation (r = -0.962) 
for the Giemsa values and for the gallocyanin values between 0 and 3xSSC 
(r = -0. 991). In other words, C-band contrast increases with decreasing 
DNA content, as would be expected. However, at higher SSC concentrations 
(4 and 5xSSC), Cgal values are lower than would be expected from the 
galiocyanin staining of the chromosomes (if a regression is calculated using 
all the Cgal points, r = -0. 540). This suggests that DNA is extracted uni-
formly at high SSC concentrations while the C-band contrast with Giemsa 
continues to increase and the DNA content of the metaphase decreases. The 
fact that C g ie increases sharply at high concentrations, while the DNA is 
extracted uniformly, suggests that C-banding is not only the result of dif -
ferential DNA extraction, but that other, as yet unknown factors are 
involved. 
Fig 6-2 (lODgi e vs. SSC concentration) shows a bimodal variation 
of total Giemsa uptake with increasing SSC concentration, with lOD g ie 
maxima at 0 and 4xSSC, and minima at between 1 and 2xSSC, and at 
5xSSC or higher. As fig 6-4 shows, the relationship between lODgie 
and C-band contrast is rather approximate (especially for Cgie  where 
r = -0. 586). This suggests that, as well as affecting the events thatgive 
rise to C-banding, changing ssc concentration also affects the ability of 
chromosomes as a whole to stain with Giemsa, and that this effect is 
virtually independent of the effect on C-banding. 
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Calculation of regressions of lODgie VS.  lODgal (a = 972. 9; b = 1. 828; 
r = 0. 463; conventions as table 6-3) and in lOD g i e VS. in lODgal 
(a = 5. 682; b = 0. 303; r = 0.348) show that there is very little correlation 
between the changes in total Giemsa staining and the amount of DNA left 
in the metaphase. In fact, comparing the total Giemsa staining with the 
amount of DNA left in the metaphase (IOD g ; see fig 6-2), three phases 
can be distinguished as SSC concentration increases. Between 0 and 1 
to 2xSSC, the total Giemsa staining drops sharply, while lODgal  also drops. 
Between 2 and 4xSSC, Giemsa staining increases while lOD gal remains 
approximately constant. Between 4 and 5xSSC, lODgie  drops as lODgal 
drops by 45%. It may be that the variation of total Giemsa staining 
results from the operation of two opposing effects: a tendency of Giemsa 
staining to increase with increasing SSC concentration, and a tendency 
to decrease with decreasing DNA content. Thus, between 0 and 2xSSC 
and above 4xSSC, Giemsa staining decreases because of decreasing 
DNA content, while between 2 and 4xSSC DNA content stays approximately 
constant and Giemsa staining increases. A possible cause of the tendency 
of Giemsa staining to increase with increasing salt concentration might be 
that as chromosomes are treated with salt solutions, disruption of ionic 
protein-DNA interactions takes place which exposes more groups on the 
DNA to Giemsa staining. 
6-3.3 The Relationship between Giemsa Staining and DNA Concentration 
It should be possible to draw some conclusions about the relation-
ship between DNA concentration and the intensity of Giemsa staining by 
seeing how the C-band contrast of chromosomes stained with Giemsa 
varies with C-band contrast of the same chromosomes stained for DNA 
fig 6-5 
6-5 	Graph showing the relationship between the 
natural logarithms of the C-band contrasts 
of the same population of chromosomes stained 
with Giemsa On Cgie) and gallocyanin-chrome 
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with gaHocyanin-chrome alum. In particular, it should be possible to 
test the predictions of the two main models of Giemsa staining. The 
model of Comings (1975) suggests that the colour seen in Giemsa 
stained chromosomes is the result primarily of staining with methylene 
blue, and the azure dyes present, which are said to bind to the DNA by 
side-stacking. All other things being equal, in particular the degree of 
blockage of phosphate groups by denatured proteins (Comings & Avelino, 
1975), the intensity of Giemsa staining should increase linearly with 
DNA concentration. On the other hand, the model of Sumner & Evans 
(1973) involves the production of a complex between two side-stacked 
methylene lue molecules and one molecule of Eosin Y. In this case 
the probability that the complex will be formed in a particular time 
will be a function of the square of the DNA concentration (assuming that 
side-stacked methylene blue molecules not involved in complex formation 
do not contribute to the staining intensity at 560 nm). 
In section 6-3. 2, a number of effects of SSC concentration on 
C-band contrast and Giemsa staining were discussed. Because of the 
anomalously high values of C-band contrast at low and high SSC con-
centrations, and of the changes in total Giemsa staining of metaphases 
in the same dyes, only data from C-banding carried out at 2, 3 and 
4XSSC have been analysed here. 
A double log, plot (InCgal VS. lflCgie; fig 6-5) of this Ggal  and 
Ggje data (table 6-2) fits the regression: 
lnCgje 	0.277 + 1 . 333 .lflCgal 	(r = 0.937; n = 6) 
i.e., 	 Cgie = 1.32. C gal 1.333 
if only values measured after 2, 3 and 4xSSCincubation are considered. 
Thus the observed relationship is somewhere between those predicted 
by the two models. The gradient, 1. 333, of the regression line is not 
significantly different from either 2 (t = -2.680; p>0.05) or 
1 t = 1.338; p>0.lO). This means that the results cannot distinguish 
between the two models outlined above. 
A number of factors affect the interpretation of the regression. 
In particular, my interpretation depends on the assumption that Cgal 
is a direct measure of the concentration of DNA in the C-band relative 
to the chromosome arm. In fact, Cgal  represents the ratio of the 
mass of DNA per unit area in C-band and arm. This would be 
equivalent to the concentration ratio if the thicknesses of the C-band and 
the arm were equal after C-banding (i. e., the path lengths of both 
measuring beams through the chromosome were equal), but there is 
some evidence that this is not so for Giemsa (]Ross & Gormley, 1973), 
and one would expect the same to be true after gallocyanin-chrome 
alum staining. If this is SO, Cga] will be an underestimate of the ratio 
of DNA concentrations, and the power to which the true concentration 
ratio would have had to be raised to produce Cgje  would be greater than 
1.333. The exact value would depend on the ratio of the thicknesses 
of the two parts of the chromosome, and on the exact nature of the data 
generated by adjusting Cgal  values to true concentration ratio values, 
so it is not possible to tell how high the final value of 'b' would be given 
the available information. 
Other arguments can also be put forward to explain the 
intermediate value of b. Comings (1975) accounts for the difference in 
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the absorbance maxima of methylene blue (650-660nm) and 
Giemsa (550-560nm) by a hypsochromic shift due to the interactions 
between stacked methylene blue molecules. As this hypsochromic 
shift would result from overlapping of molecular orbitals of 
neighbouring molecules, it would be expected to increase as the dye 
concentration increased, and to result in a relationship between A560 
and DNA concentration in which b was greater than one. On the other 
hand, interpreting the data in terms of the model of Sumner and Evans 
(1973), not all the side-stacked methylene blue molecules will be in 
positions in which they can participate in 2:1 methylene blue/eosin 
complexes, but they will nevertheless make a contribution to the 
absorption at 560 nm, resulting in value of b less than 2. 
These arguments suggest that the results might be 
interpretable in terms of both of the main models, although the first 
argument (concerning the relationship between Cgie  and the true DNA 
concentration ratio) will be true in all cases. This might make the 
results more favourable to the model of Sumner & Evans (1973) than 
to that of Comings (1975). 
6-4 : Conclusions 
1 - The suggested series of events occurring during C-banding 
procedures is 
depurination of a proportion of the chromosomal DNA 
by 0.2 M HC1; 
breakage of DNA by alkaline hydrolysis followed by the  
extraction of about 50% of the total DNA (Comings et al, 1973) 
uniformly from the entire chromosome. 
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c) removal of a smaller amount of DNA by salt incubation, 
preferentially from the non-C-band regions, to produce 
the DNA distribution seen in C-banded chromosomes. 
2 - 	Changing the ionic conditions has an effect on C-band contrast, 
which indicates that ionic interactions within the chromosome are 
involved in the production of C-banding. However, as C-banding 
is seen even after treatment with deionized water, the differential 
extraction during salt incubation does not seem to result simply 
from the disruption of ionic interactions between DNA and 
chromosomal proteins. 
3 - The bimodal variation of total Giemsa staining with SSC concen-
tration may reflect the operation of two opposing effects: a ten-
dency of Giemsa staining to increase with increasing SSC concen- 
tration, and to decrease with decreasing DNA content of the 
metaphase. 
4 - Giemsa staining increases approximately as the (1. 3)th power of 
the DNA concentration. This result may be consistent with either 
of the two main models of Giemsa staining. 
6-5 : Materials and Methods 
The C-banding technique used here (the BSG technique; Sumner, 
1972) is described in the Appendix, as are the cell culture and slide prep-
aration procedures. For a more detailed discussion of scanning 




Before staining with Galiocyanin-Chrome Alum, Giemsa stained 
slides were destained with 70% (v/v) ethanol. Gallocyanin-Chrome 
Alum stain was prepared by adding 0. 3 g of Gallocyanin to 100 ml of 
10% (w/v) chrome alum (chromic potassium sulphate; KCr(SO)2), 
boiling the solution for about 2 mm, filtering, and adjusting to pH 1. 1 
with conc. HCl. Slides were stained by immersing them in freshly 
filtered stain at 40 ° C overnight (see Culling, 1963). They were then 
rinsed with deionized water and dried. 
6-5. 2Microdensitometry j 
Integrated optical density (IOD)rneasurements of whole metaphases 
were made at 560 nm using the Vickers M86 scanning microdensitometer. 
The smallest scanning spot was used, as the measurements were taken 
as the same time as the spot measurements, for which the highest 
possible resolution was required. The largest mask and scan sizes were 
used, with the xlOO oil immersion objective, so that all available 
metaphases could be scanned. The background was set above 0. 02 
and background scans were made close to the stained metaphase. 
Three measurements of both object and background were made and the 
mean difference calculated. 
Spot measurements were made at the same wavelength with the 
scanning spot stationary. Background was set at 0. 02. 
For C-band contrast measurements, three reading were taken: 
the optical density of the C-band (a), of a nearby non-C-band region (b), 
and of the background in the vicinity of the chromosome (C). 
The C-band contrast (C) was then: 
a - c 
C = 
b  
i. e., the ratio of the A560 of the C-band to that of the neighbouring 
non-C-band region. Where possible, C-band contrast was estimated 
for 30 No. 1 chromosomes from 15 metaphases selected at random by 
scanning across the slide. C-band contrast and IOD values were 
calculated routinely using a Sinclair Cambridge Programmable 
calculator (Sinclair Radionics). 
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Chapter 7 : Discussion 
In the Introduction (Chapter 1), three major questions were asked 
(a) what is the basic system upon which the banding techniques act?; 
b) what sorts of mechanism of chromosome banding are most likely to 
be valid?; and (c) is C-banding solely a result of differential DNA 
extraction? In the following sections, these questions are discussed, 
and in the final section some possible future lines of investigation are 
outlined. 
7-1 : What is the Basic System upon which the Banding Techniques Act? 
As the protein:DNA ratio of fixed chromosomes is in the range 
1. 26 to 2:1 (Chapter 2) and as they show G-banding while Tdehistonized' 
(which have a protein:DNA ratio of 1:6) chromosomes do not, it seems 
reasonable to suggest that fixed chromosomes contain more protein 
than 'dehistonized' ones. As most of the histones are extracted during 
fixation (Brody, 1974; S[vak & Wolman, 1974; Betief & Bichel, 1977) 
these proteins are probably nonhistones, and some of them are probably 
involved in G-banding. Observations of fluorochrome stained, 
collapsed chromosomes show a relatively faintly stained core surrounded 
by a more intensely stained 'halo'. It may be that an analogy can be 
drawn between this sort of staining configuration and photographs of the 
water spread 'dehistonized' chromosomes presented by Paulson & 
Laemmli (1977). 	In this case, the central, faintly staining region would 
correspond to the chromosome scaffold, while the surrounding 'halo' 
would correspond to loops of DNA complexed with nonhistone proteins. 
This is in contrast to the structures produced by the 'dehistonization' 
procedure of Adolph et al (1977a) which probably have no protein complexed 
with their DNA loops. 
117 
7-2 What Sorts of Mechanisms of Chromosome Banding are 
More Likely to be Valid? 
7-2.1 Mechanisms of Giemsa Staining 
Chapters 4 and 5 showed that banded chromosomes showed a 
uniform distribution of chromosomal protein along their lengths, and 
that conformational changes of proteins and possibly nucleic acids within 
chromosomes are necessary for the production of any kind of chromo - 
some banding. These results argue against any model that suggests that 
banding patterns reflect the distribution of protein in chromosomes, and 
are consistent with models involving alterations in the conformations of 
proteins (Comings & Avelino, 1975) or the protein-DNA complex (Sumner 
& Evans, 1973; McKay, 1973) in the mechanisms of chromosome banding. 
None of the experiments in these Chapters, or in Chapter 6, distinguished 
unambiguously between the two types of model. There are, however, 
some arguments that tend to favour the latter type of model (Sumner & 
Evans, 1973; McKay, 1973) over the former (Comings &Avelino, 1975) 
as a general mechanism of G-banding. Firstly, only certain stains can 
be used to show G-banding, (Sumner & Evans, 1973), suggesting that 
the structure of the dyes, and therefore the stereochemistry of the 
binding site ) is important in Giemsa staining. Secondly, if proteins 
are denatured and made more insoluble by fixation, it seems unlikely 
that they would show the kind of denaturation properties suggested by 
Comings & Avelino (1975). Thirdly, if G-banding reflects chromo-
some condensation, but not just the distribution of DNA (Comings et 
al, 1973), it seems more reasonable to suggest that staining is 
reflecting the state of condensation of the DNA, rather than some less 
clearly defined property of the chromosomal proteins. The kind of 
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mechanism suggested by Comings and Avelino (1975) would work, so it 
could make some contribution to the reduction of dye uptake during G-o
banding. Whether the effect is differential remains to be proved. 
7-2.2 : Divalent Cations and Chromosome Coll apse 
Two models, those of Mclay (1973) and Sumner and Evans (1973), 
explain G-banding on the basis of the conformation of the DNA in the chromo-
some. According to Sumner and Evans (1973), Giemsa dyes would bind to 
regions in which DNA phosphates were held in suitable relative positions, 
while according to McKay (1973) they bind to sites vacated during fixation and 
other procedures by structural divalent cations. Sumner (1977, 1978) has 
provided evidence by X-ray micro-analysis that divalent cations are lost 
from chromosomes during banding procedures. Extension of these studies, 
to investigate the distribution of divalent cations within untreated and G - 
banded chromosomes, should test McKay (1973)'s model, which would pre-
dict that during G-banding divalent cations are lost preferentially from G-
bands to make way for dye molecules. 
The loss of divalent cations is always associated with chromosome 
collapse (Sumner, 1977, 1978) which suggests that chromosome collapse 
results from a loss of the order normally maintained in chromosomes by 
divalent cations, as suggested by McKay (1973) and Gormley & Ross (1976). 
However, the model of the fixed chromosome outlined in section 7-1 makes 
the mechanisms of collapse visualized by Gormley and Ross (1976; see fig 
4-13), wherein chromatin 'flows' outwards to form a ridge around a central 
depression, unlikely. Therefore, it may be that in untreated, fixed chromo-
somes the chromosomal DNA, complexed with denatured non-histone pro-
teins, is folded close to the chromosome scaffold and that this folding is 
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mediated by divalent cations. This would result in the observed, com-
pletely uniform pattern of staining with fluorochromes and Giemsa. When 
these cations are removed, the DNA-protein complex is released from the 
scaffold and forms a 'halo' around it, resulting in the staining configuration 
seen with fluorochrome staining. 
There is no reason other than McKay (1973)'s model to link 
chromosome collapse with banding. Indeed, the following facts suggest 
that banding and chromosome collapse are essentially unrelated phenomena: 
a) collapsed chromosomes are virtually indistinguishable by fluorochrome 
staining after G-, C- and R-banding; b) chromosome collapse occurs when 
no banding pattern can be seen with Giemsa; and c) in some cases, banding 
can be produced, although only faintly, in the absence of collapse 
(Chapter 5). However, the possibility that divalent cations are involved 
in banding is not excluded by this argument. 
7-2.3 The Level of TJltrastructure Involved in Banding 
As pointed out in the Introduction (section 1-2) certain levels of 
organization of metaphase chromosomes have now been characterized. 
DNA is organized into nucleosomes (Compton et al, 1976; Bostock et al, 
1976), which may then be folded into 'solenoids' which comprise the basic 
30nm 'chromosome fibre' (Finch & Klug, 1976; Carpenter et al,1976). 
Above this level, chromosome organization is more uncertain, although 
it now seems likely that the chromosome fibre is arranged in loops around 
a chromosome core, or 'scaffold' (Laemmli et al, 1977). It is not known 
whether there is any further level of organization between the 30 nm fibre 
and the DNA loops produced by the scaffold. As the removal of histones 
does not hinder the production of G-banding, and indeed seems to be 
necessary for it (Chapter 3) it is clear, that the existence of nucleosomes 
is not essential for the production of bandinq. It would 
also be surprising 
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if the solenoid, or 30 nm fibre, were the level of organization involved in 
G-banding, because DNA is folded into a 30 nm fibre throughout the cell 
cycle (see Bostock & Sumner, 1978), while G-banding shows up 
specifically in condensed chrornatin. There do, however, seem to be some 
common characteristics of solenoids and chromosome banding. 
Histone HI may play an important role in the maintenance of solenoid-like 
structures ( Bradbury, 1978j, as do divalent cations (Finch & Kiug, 1976), 
while chromosome banding can be seen in the absence of the core histones, 
but in the presence of Hl (Chapter 3), and seems to be linked to the loss 
of divalent cations (McKay, 1973; Sumner, 1977, 1978; but see previous 
section). It is clear that the presence of the scaffold proteins is not 
sufficient to produce banding, so the proteins involved in chromosome 
banding (and particularly Q-, C- and 'R-banding) are probably structural 
nonhistone proteins (or at least NBPs affecting DNA conformation) 
that fold DNA at levels between the solenoid and the chromomere 
(to which the loops seen by Paulson & Laemmli, 1977 presumably 
correspond). Such a level of chromatin organization remains as yet 
uninvestiga ted. 
.7-. 2 . 4LThe 	 anisi Qf_Gdng 
Unfixed chromosomes do not show G-banding, and neither do unfixed 
chromosomes treated with 'dehistonizing' solution, 0.5 M or 4 M sodium 
chloride or 0. 1 M sodium deoxycholate (Chapter 3) Unfixed chromosomes 
treated with 0.05 M sodium deoxycholate can be G-banded, however. 
This suggests that while some proteins must be extracted before 
G-banding can be produced, some of the proteins not extracted by 0.05 M 
sodium deoxycholate (or by 3:1 methanol/acetic acid fixation) must be 
left in place if G-banding is to be possible. 	As 'dehistonized' chromosomes 
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cannot be G-banded, these proteins are probably among those left 
associated with the DNA loops after fixation. As previously fixed 
chromosomes treated with !dehistonizing!  solutions show the same 
quality of banding as untreated chromosomes, it seems likely that the 
proteins important during G-banding are denatured during fixation. 
These conclusions are consistent with all of the models of 
chromosome banding involving protein DNA interactions (Sumner & 
Evans, 1973; McKay, 1973; Comings & Avelino, 1975), but, as I have 
argued in section 7 -2. 1, the two models involving maintenance or 
rebuilding of chromosome ultrastructure seem more likely to be true. 
Thus, G-banding probably reflects the extent to which a certain fraction 
of the nonhistone proteins as defined above is able either to stabilize 
chromosome structure during banding procedures, or to undergo re-
building after the release of divalent cations. 
7-2.5 The Mechanism of B-Banding 
The mechanism of B-banding is closely related to that of G-
banding, because a continuous change in incubation conditions results in 
a transition from G- to B-banding patterns (Dutrillaux & Covic, 1974; 
Sehested, 1974). The models of Sumner & Evans (1973) and McKay (1973) 
can both account for this effect by suggesting that a different pattern of 
destruction of chromosome structure or of extraction of divalent cations 
occurs in the two techniques. The fact that the conditions used to pro-
duce B-banding are harsher than those used for G-banding would suggest 
more extensive destruction of ultrastructure, or extraction of divalent 
cations, during B-banding, and is consistent with the fainter staining 
shown by B- than by G-banded chromosomes. 
The results described in this thesis say very little about the 
mechanism of Q.-banding. They do, however, show that proteins are 
involved in Q-banding but that crosslinking agents have less effect on 
Q-banding than they do on Giemsa banding techniques (Chapter 5). 
Jeppesen et al (1978 ) have shown that chromosomes Tdehi s ton izedT 
by 2 M sodium chloride solution can show Q-banding. This suggests 
that although proteins are involved in the production of Q-banding, the 
proteins involved may be different from those involved in the Giemsa 
banding techniques. This suggestion is supported by the results of 
Wray & Stefos (1976), who were able to produce Q-banding in isolated 
unfixed chromosomes. 
7-3 : Is C-Banding Solely a ]Result of Differential DNA Extraction? 
The basic model for the mechanism of C-banding arrived at 
in Chapter 6 is as follows. Treatment of chromosomes with 0. 2 M 
hydrochloric acid produces a small amount of depurination of the 
chromosomal DNA (see also Holmquist, 1977, 1979), which labilizes 
the DNA to hydrolysis by alkali in the subsequent alkali treatment stage. 
This stage may also result in denaturation of the DNA (Holmquist, 1979), 
and this may be the reason why about 50% of the chromosomal DNA is 
lost at this stage of Arrighi & Hsu (1971)'s procedure (see Comings et 
al, 1973). During the final salt incubation stage, ionic interactions 
between the fragmented DNA and chromosomal proteins are disrupted, 
resulting in the liberation of DNA preferentially from the non-C-band. 
(faintly staining) regions. 
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There are two ways in which the simple model outlined above is 
inadequate. Firstly, as C-band contrast changes triphasically with 
increasing salt concentration in the incubation medium, and as C-banding 
can still be produced when deionized water is used as an incubation medium, 
a mechanism of DNA extraction that relies only on the disruption of salt 
links is inadquate. This effect might be accounted for by suggesting that 
denaturation of the proteins interacting with the DNA and holding it in 
place occurs during salt incubation and affects the solubility of the DNA 
associated with it. 
The second problem with the above model is that, at high salt 
concentrations, the C-band contrast of chromosomes stained with Giemsa 
increases while the C-band contrast of chromosomes drawn from the same 
population and stained for DNA with gallocyanin-chrome alum remains 
constant. Thus it seems that the C-band contrast observed with Giemsa 
is not simply a reflection of the differential extraction of DNA from 
different parts of the chromoctne. This may be why the attempts to 
relate Giemsa staining to DNA concentration by plotting Cgie  (the C-band 
contrast of chromosomes stained with Giemsa) against Cgai (the C-band 
contrast of chromosomes stained with gallocyanin-chrome alum) produced 
inconclusive results. The extra contrast shown by Giemsa above that 
shown by gallocyan in- chrome alum may be a reflection of the same sorts 
of mechanism involved in G- and I-banding, I. e., differential destruction 
of ultrastructure, or differential extraction of divalent cations, or it may 
be a direct reflection of the mechanism of Giemsa staining. 
7-4 : Future Approaches to the Mechanism of Chromosome Banding 
As far as the mechanisms of Giemsa banding techniques are 
concerned, two main questions remain to be answered: firstly which of 
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the various mechanisms of dye binding (McKay, 1973; Sumner & Evans, 
1973; Comings & Avelino, 1975) is most nearly correct, and secondly 
what is the nature of the nonhistone proteins involved in chromosome 
banding. As far as Q-banding is concerned, future experiments need 
to be aimed at finding out (a) how proteins or states of chromatin packing 
can affect quinacrine fluorescence intensity and (b) what the relative 
importances of base composition, proteins and chromatin packing are 
in Q-banding. 
airi1 of_G aJJg 
To investigate the mechanisms of Giemsa staining, a number of 
approaches might be adopted. The approach taken in Chapter 6, namely 
attempting to compare theoretical predictions of the different models of 
Giemsa binding with results obtained by microdensitometry, needs to be 
extended further. The results described in Chapter 6 were ambiguous. 
A better form of analysis, still based on C-banding, would be to compare 
directly C-band contrast values obtained with Giemsa and gallocyanin-
chrome alum for particular chromosomes on a slide. This would 
eliminate many of the effects that affect C-band contrast as the SSC 
concentration is changed and probably also produce differences in C-band 
contrast between different slides. It would also be interesting, if possible, 
to compare the distribution of DNA concentration in G- and B-banded 
chromosomes with that of Giemsa binding. This would test the 
suggestion, which has recently resurfaced (Jeppesen et al, 1978), that 
G-banding in particular might reflect DNA distribution in chromosomes. 
A difficulty with such experiments might be that chromosome collapse 
resulted in a considerable redistribution of DNA. 
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A second possibility is to investigate the effect of supercoil 
density in DNA on Giemsa staining, as both Sumner and Evans (1973) 
and McKay (1973) suggest some relationship between DNA packing and 
Giemsa staining. It is possible to prepare closed circular DNA molecules 
with varying densities of supercoiling (see Bloomfield et al, 1974; Gabbay 
& Wilson, 1978). Analysis of the affinity of binding of Giemsa dyes, and 
mixtures thereof, to mixtures containing different supercoil densities, for 
example by equilibrium dialysis, would show whether there was any 
relationship between DNA supercoiling and Giemsa staining. This approach 
could also be applied to quinacrine, looking for changes in quantum yield 
of fluorescence as well as binding affinity, as quinacrine also seems to 
respond to DNA packing (Gottesfeid et al, 1974). Similar experiments 
might also be carried out using nucleoids (nuclear structures which behave 
like closed circular DNA; Cook & Brazell, 1975) or 'dehistonized' chro-
mosomes, which are closer to fixed chromosomes than is purified DNA. 
Moe 
If the model of the fixed chromosome proposed in Chapter 3 is 
correct, it opens up the exciting possibility of isolating and characterizing 
individually the proteins involved in chromosome banding. if these proteins 
are exclusively associated with the chromosomal DNA after fixation, they 
could be specifically removed from fixed chromosomes by DNase treatment. 
They could then be characterized by gel electrophoresis, in one or two 
dimensions depending on the number of proteins present, and compared 
with the chromosomes present in fixed, unfixed and 'dehistonized' 
chromosomes. Protein chemical procedures should then allow the 
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isolation of individual proteins and their further characterization by 
peptide mapping and eventual sequencing. Such a programme would be 
a large scale one: it would involve a skilled protein chemical laboratory 
of moderate size in years of work, and would require large scale iso-
lation of chromosomes. Consequently, it might not be considered justi-
fiable to carry out such a programme purely as part of a study of the 
mechanism of chromosome banding. However some of the proteins 
involved would probably be nonhistone proteins of structural significance 
and involved in the organization at supranucleosomal levels, so such a 
study could also make significant contributions to the study of 
chromosome and chromatin structure. 
The existence of techniques for' producing dehistonized 
chromosomes and samples of pure structural nonhistone proteins 
(as well, of course, as histones), would allow detailed investigation, 
by application of reconstitution techniques, of chromosome structure, 
and would provide an in vitro system for the investigation of banding 
mechanisms of all kinds. For example, if a structure could be 
reconstituted which could be shown to produce banding, it would be 
possible to determine what the minimum essential components fr 
the production of banding were. It might also be possible to test whether 
protein denaturation was important in banding by making circular 
dichroism measurements of such structures in suspension and looking 
for indications of the amount of 'structure' present in the chromosomal 
proteins. There are limits to the extents to which chromosome banding 
can be investigated at a level removed from that actually involved in 
the production of banding (i.e., light and electron microscopy). A 
molecular biological or biochemical approach is becoming necessary, 
and the production of a model system of some sort (not necessarily 
as advanced as the one outlined above) may be essential if our 
understanding of the subtle events occurring during chromosome 
banding is to be advanced much further. 
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Appendix: Techniques 
This Appendix contains details of techniques used regularly 
throughout this thesis. 
A-i: Cell Culture Techniques 
Two methods of culturing peripheral blood lymphocytes are 
described in this section. The whole blood technique (section A-1, 1) is 
used for preparing normal fixed chromosome preparations; the lymphocyte 
method was used when red blood corpuscle contamination would have produced 
problems, e.g. for isolation of unfixed chromosomes. 
A-1. 1L W cB2ocultue(E 	J97])iJ   
I ml of heparinized whole human blood was added to 10 nil of 
culture medium (for 475 nil medium: 400 nil Ham's F 10, 5 ml phytohae-
niagglutinin, 70 ml bovine serum, 40, 000 IU penicillin and streptomycin, 
pH 6. 8 - 7. 2), mixed, and incubated in a water bath at 37 0 C, usually for 
72 hours. During the last 3 hours of culture, 0.5 nil of 1 x 10 --'M coichi-
cine was added to arrest cells at metaphase. 
A-1.2: Peripheral Lyni piocyte Culture 
Lymphocytes were separated from whole blood in the following way 
(Harris & Ukaejiofo, 1969). 10 nil of heparinized whole blood were spun in 
universals in a bench top centrifuge (MSE'Minor') at mark 5 (2, 400 rpm; 
900 g) for 10 minutes. The supernatant serum was then removed and 
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discarded, and the pellet resuspended with an equal volume of Hams 
F 10 medium. The cell suspension was then split into halves, and each 
half layered onto 6 ml of Ficoll/Hypaque 4 ml 12% w/v Ficoll, 2 ml 
34% w/v Hypaque, mixed vigorously) in universals. The universals were 
then spun at mark 6 (2, 700 rpm; 115g) in a bench top centrifuge for 15 
minutes. After spinning, the lymphocytes were found at the interface 
between the F 10 medium (top) and Ficoll/Hypaque (bottom) layers. The 
lymphocytes were removed and resuspended in 0. 5 ml of Ham's F 10 
medium. 0. 1 ml of such a suspension was suitable for adding to 10 ml 
of culture medium as described in A-i. 1. An alternative procedure was 
to layer 5 ml of blood directly onto 6 ml of Ficoil/Hypaque mixture. 
Lymphocytes were then removed from the interface between the serum 
(top) and Ficoll/Hypaque (bottom) layers and processed as above. 
A-2 Chromosome Prenaration Procedures 
A-2. 1 Preparation of Slides of 3: 1 Methanol/Acetic Acid Fixed Chromosomes 
from Blood Cultures 
A-2.1. 1 - Harvesting of Cultures 
Culture vessels were removed from the water bath, shaken to 
resuspend cells, and emptied into a centrifuge tube. Cells were spun down 
for 10 minutes in a bench top centrifuge at mark 5 (2,400 rpm; 900g). The 
pellet of cells was then resuspended in about 10 ml of hypotonic (0. 075 M) 
potassium chloride solution and left to stand for 8 minutes. The suspension 
was then spun as before for 5 minutes and the supernatant poured off. Fresh 
3 :1 methanol /acetic acid fixative was then added dropwise to the pellet, 
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with constant mixing on a Whirlirnix, until a brown suspension was 
produced. Fixative was then added to a final volume of three Pasteur 
pipette loads (3 to 4 nil). Cells were then spun down as before (for 5 
minutes) and washed twice (with two and then one pipette load of fixative) 
or until the suspension was clear. The fixed cells were then resuspended 
finally to give a slightly cloudy suspension. 
A-2.i.2 	Slide Preparation 
Slides were prepared immediately from the fixed suspension. 
Slides were cleaned with fixative (3:1 mehtanol/acetjc acid) and dried. 
They were then breathed on, and one to three drops of the suspension 
dropped onto the slide while condensation was still present. Slides were 
checked for good spreading of metaphases under a light microscope with 
a defocus sed condenser before use. 
22 Preparation of Unfixed Chromosomes Using Sucrose 
Ca C19 Medium ( ' Method A) 
Cells from a lymphocyte culture (section A-i. 2) were spun down 
and resuspended in hypotonic (0. 075 M) KC1. The cells were left in 
hypotonic KC1 solution for 8 minutes and then spun down and resuspended 
in 0.25 sucrose, 0. 3mM CaC.1 2 . Drops of this suspension were spun 
through the same medium onto slides using the Shandon-Elliot Cytospin, 
spinning at 100 rpm for 5 minutes. 
i Preparationo Unfixed  
Hexylene Glycol Methum ( Method Bj 
Lymphocyte cultures (section A-i. 2) were refrigerated at 4 0 C 
for 20-30 minutes, spun down, and washed with cold (4 0 C) 'chromosome 
-isolation buffer' (Ca) containing 1 M hexylene glycol, 0. 5 mM CaC1 2, and 
0.1 mM PIPES, pH 6. 5 (Wray & Stubblefield, 1970). After resuspension 
in cm, cells were incubated at 37 0 C for 10 minutes to swell them, and 
then syringed 10-20 times through gauge 21 needles to rupture the cell 
membranes. Slides were prepared from the suspension, which contained 
chromosomes, nuclei and cell debris, by spinning a drop of suspension 
through CIB in the Cytospin at 100 rpm for 5 minutes. 
A-3 : Banding Techniques 
A-3.i la-BancLing, JCaspersson etal.L  1968) 
Slides were stained for 6-8 minutes in 0. 5% (w/v) quinacrine 
dihydrochioride in deionized water, pH 5. 5-6. 0, at room temperature. 
They were then rinsed with deionized water. A drop of deionized water 
was then dropped onto the slide and a coverslip placed in position. Excess 
water was removed with a tissue until the coverslip was firmly in position 
and then the coverslip was sealed in position with 'Holdtite' rubber solution, 
and left to dry. Slides were looked at under a Leitz Ortholux or Orthoplan 
microscope with a HBO 200 W 14 mercury lamp and the Ploem illuminator 
set atNo. 3. A BG12 exciting filter and a 510 nm barrier filter were used. 
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A-3.2 : C-Banding (BSG Procedure; Sumner,1972) 
Slides one week old were immersed in 0. 2 MHC1 at room 
temperature for one hour at room temperature. They were then 
immersed in a saturated solution of Ba(OH 2 , pre-warmed to 55 0 C in 
a water bath, for 90 seconds, and in 2xSSC (SSC = 0.15MNaC1; 0.015M 
Na citrate) pre-warmed to 60 0 C for 1 hour. Slides were then rinsed with 
deionized water and stained in 2% (v/v) Gurr's Giemsa H 66 in Gurr's 
pH 6.8 buffer for 10 minutes at room temperature. Slides were then 
rinsed with deionized water, allowed to drain dry, cleared in xylene and 
mounted in Depex. 
A-3.3 C-BanthngAdpted from Arrihi&Hs 1971) 
One week old slides were immersed in 0. 2MHC1 at room tem-
perature for one hour at room temperature. They were then immersed 
in a 0. 07 M solution of NaOH, at room temperature for 90 seconds, and 
in 2xSSC, pre-warmed to 60 0 C, for one hour. They were then rinsed, 
stained with Giemsa, cleared and mounted. 
i pJrg JSehested,1974J 
One or two day old slides were immersed in 1 M NaH 2PO4 
(pH 4. 0-4. 5), pre-warmed to 88 0C in a water bath, for exactly 10 minutes. 
Slides were then rinsed immediately with deionized water, stained with 
Giemsa, cleared and mounted. 
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A-3.5 G-Banding JASG Procedure; Sumneret al,197 
One week old slides were immersed in a 2xSSC solution, pre-
warmed to 60 0 C, for 1 hour. They were then rinsed, stained with 
Giemsa, cleared and mounted. 
A-3.6 : G-Bandllng Tyjsin Procedure; Adapted from Seabright 17) 
One week old slides were immersed in 0. 1% (w/v) trypsin 1:250 
(Difco) in deionized water or 0. 15 MNaCI (isotonic saline) until banding 
was produced. Results were variable, and it was necessary to try a 
variety of incubation times. 90 seconds was about typical for good banding. 
Slides were rinsed, stained with Giemsa, cleared and mounted as usual. 
A-3.7 G-Banding (Trypsin-Giemsa Procedure; Sun et al, 1973J 
One week old slides were immersed in a 0. 1% (w/v) trypsin 
(Difco) solution containing 2% (v/v) Gurr' s R66 Giemsa, and buffered with 
Gurr's pH 6. 8 buffer. Slides were left in staining solution for 5 minutes, 
then rinsed, dried, cleared and mounted as usual. 
A-4 : Photography 
Slides were photographed using a Leitz Orthomat camera on Kodak 
Panatomic-X black-and-white 35 mm film. Exposures were regulated using 
a Leitz automatic exposure meter, set at a DIN setting of 22. 
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